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The use of renewable resources for polymer production is receiving substantial and ever-growing
interest. While only about 8% of the petroleum produced globally is used for the manufacture of
polymers, there are alarming environmental and safety concerns associated with both the feedstock
used to produce polymers and their end-of-life disposal. One possible solution to mitigate these
negative environmental consequences is to develop more sustainable polymers via the use of renewable
raw materials, or to recycle synthetic polymers. Feedstock such as proteins, cellulose, starch, lignin,
chitosan, gums, vegetable oils, terpenes, and polyphenols can be used for the manufacture of a
variety of sustainable materials and products, including elastomers, plastics, hydrogels, flexible
electronics, sensors, engineering polymers, and composites. Various novel processing technologies
and chemical modification strategies are also being implemented to make this feedstock more suitable
for polymeric materials.

This Special Issue of Processes brings together several papers from leading scientists and
researchers active in the area of “Sustainable and Renewable Polymers, Processing, and Chemical
Modifications”. The collected papers include both original research and two review articles related to
renewable feedstock for polymer applications, processes for the fabrication of renewable polymer-based
nanomaterials, the design and modification of renewable polymers, and applications of renewable
polymers. The Special Issue is available online at the following link: https://www.mdpi.com/journal/
processes/special_issues/renewable_polymers. The contributions are summarized below.

Khouri et al. [1] investigated the viscoelastic properties of treated chitosan films to elucidate
the potential crosslinking of chitosan with citric acid. The study experimentally demonstrates
that the thermal treatment of chitosan films in the presence of citric acid causes ionic crosslinking.
The viscoelastic studies confirm that citric acid can be a safe alternative crosslinking agent to other
crosslinkers, such as glutaraldehyde and epichlorohydrin of chitosan, by employing a heterogeneous
film preparation method.

Adhikari et al. [2] developed a renewable wood-pellet binder from a short chain proteinaceous
material co-reacted with polyamidoamine epichlorohydrin resin. The main contribution of this work
is an experimental demonstration on the use of an otherwise waste protein material for wood binder
applications. This proof-of-concept work, based on bench-scale continuous pelletization trials, clearly
indicates the feasibility of using waste protein-derived peptides as a binder to improve the durability
of torrefied wood pellets.

In an excellent example of enhancing the sustainability of plastics via recycling, Shin et al. [3]
demonstrate the recovery of a useful organic material from recycled printed circuit boards that used
brominated epoxy as a matrix. The depolymerization of the thermosetting epoxy was conducted via
glycolysis using polyethylene glycol (PEG) under basic conditions. The recovered organic product
(pre-polyol) obtained after glycolysis was converted into a recycled polyol via the Mannich reaction
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and the addition of the polymerization of propylene oxide to prepare rigid polyurethane foams for
thermal insulation and other applications.

The use of soybean protein isolate as a biodegradable and environmentally-friendly alternative
dust suppressing agent was investigated by Jin et al. [4]. They propose the use of an anionic surfactant
to de-structure the complex tertiary and secondary structures of the protein, resulting in a relaxed
protein–surfactant complex. Such modifications expose the hydrophobic functional groups of the
protein, which provide an enhanced adsorption between the protein-based formulated dust suppressant
and the hydrophobic dust (coal dust).

The potential of renewable ramie fibers with a range of treatments for fiber reinforced composite
material applications was investigated by Kan et al [5]. Vacuum assisted resin infusion molding is used
to fabricate composite materials with a target of producing lightweight, but high specific strength and
modulus structural materials for the automotive and aerospace industry. Pretreatment along with the
use of a coupling agent modification of the ramie fabrics results in composites with enhanced flexural
modulus, tensile strength, and dynamic mechanical properties.

Kardan et al. [6] produced itaconic diacids via the fermentation of sugars; itaconic diacids are one of
the most promising sustainable feedstocks for renewable polymeric material development. This work
entailed nitroxide-mediated polymerization (NMP) of di-n-butyl itaconate using the BlocBuilder
family of unimolecular initiators to obtain statistical copolymers with enhanced elastomeric properties.
The polymerizations as a function of temperature and their initial compositions were presented.

The work by Mohamad Aini et al. [7] uses modified lignin as a renewable complementary filler of
rubber composites. The modification of lignin employs hydroxymethylation inorder to enhance the
compatibility of lignin with the hydrophobic polybutadiene rubber matrix. The results of the study
indicate that the inclusion of hydroxymethylated lignin in rubber composites weakens the filler–filler
interaction and improves processability. Furthermore, the compatibility and high interfacial adhesion
between the modified lignin and the rubber matrix increase the cure rate of the rubber compound, and
hence, increase the crosslink density compared to the unmodified lignin composites.

Panchal et al. [8] show that nanocellulose, in the form of cellulose nanocrystals and cellulose
nanofibers, obtained by the deconstruction of fibers from wood or other cellulosic plants, are very
appealing materials for functional material applications. This is because of their sustainability
attributes, excellent mechanical properties owing to their crystalline assembly, and their abundant
surface hydroxyl groups, which make them amenable to chemical modification. This article critically
reviews the recent progress in the surface modification chemistries and processes of nanocellulose as
functional nanomaterials, as well as carriers/substrates of other functional materials. Modifications that
provide superhydrophobicity, barrier, electrical, and antimicrobial properties for coating, packaging,
and electronics applications are reviewed in detail.

Finally, Cummings et al. [9] survey the use of starch in polymerizations, with a focus on sustainable
emulsion polymerization processes. Some of the starch forms included in this review article are
granular, native, functionalized, and nano-sized starch materials. One of the remarkable merits of this
work was that it clearly presented future strategies of characterization methods and applications of
starch grafted latexes and films.
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Abstract: Chitosan films containing citric acid were prepared using a multi-step process called
heterogeneous crosslinking. These films were neutralized first, followed by citric acid addition, and
then heat treated at 150 ◦C/0.5 h in order to potentially induce covalent crosslinking. The viscoelastic
storage modulus, E′, and tanδ were studied using dynamic mechanical analysis, and compared
with neat and neutralized films to elucidate possible crosslinking with citric acid. Films were also
prepared with various concentrations of a model crosslinker, glutaraldehyde, both homogeneously
and heterogeneously. Based on comparisons of neutralized films with films containing citric acid, and
between citric acid films either heat treated or not heat treated, it appeared that the interaction between
chitosan and citric acid remained ionic without covalent bond formation. No strong evidence of a
glass transition from the tanδ plots was observable, with the possible exception of heterogeneously
crosslinked glutaraldehyde films at temperatures above 200 ◦C.

Keywords: chitosan; crosslinking; viscoelasticity; citric acid; glutaraldehyde; heterogeneous crosslinking

1. Introduction

The search for biodegradable and non-toxic materials to offset the consumption and production
of plastics for the food industry has led to research on polysaccharide edible films, including chitosan,
the crustacean-derived aminopolysaccharide. Chitosan films have been studied either in stand-alone
form as potential packaging or wrapping products or as coatings [1]. The physico-chemical properties
of films prepared by the solvent casting method have been well studied, including in relation to the
organic acids used in film preparation (e.g., acetic, lactic, citric acid, etc.) [2,3], the molecular weight of
chitosan [3], and the degree of deacetylation [4,5]. The degree of deacetylation (DD) is the percentage
of glucosamine residues with a primary amine side group at the C-2 position. The chemical structure
of chitosan is given in Figure 1.

Figure 1. The glucosamine and acetyl glucosamine units that comprise chitosan and chitin. When the
degree of deacetylation (DD) is greater than 0.6, the polymer is considered chitosan.

While chitosan films have advantages, such as high anti-microbial and low oxygen-permeability
properties [3], their high moisture affinity and relatively poorer mechanical properties compared to

Processes 2019, 7, 157; doi:10.3390/pr7030157 www.mdpi.com/journal/processes5
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common plastics, such as polyethylene terephthalate, low density polyethylene, and polypropylene,
limit their packaging applications. The water vapor permeability (WVP) of chitosan films is typically
a magnitude higher than that of thermoplastics. Their tensile strength (TS) is in the same range as
some plastics; however, their elongation capacities and elastic moduli are lower. A comparison of
mechanical and barrier properties of chitosan and plastic films is provided in Table 1.

Improving mechanical properties and reducing hydrophilicity of chitosan films has been
attempted by several methods, including (i) composite formation with fatty acids [6,7] and
other polysaccharides [8], (ii) grafting hydrophobic compounds [9,10] or phenolics [11,12], and
(iii) crosslinking the polymer chains [8]. Composites with hydrophobic compounds, such as
beeswax [13], or fatty acids such as stearic [7] and palmitic [13] acid, do not always improve WVP,
possibly as a consequence of a decrease in film density [6,13]. Composites with starch [14] and
cellulose-derivatives [15] or with proteins such as gelatin [14] have ultimately not shown much
improvement in the WVP and TS properties of chitosan films. Crosslinking appears to be a promising
method for modification for food-related applications.

Table 1. Properties of Chitosan Films and Plastics from Literature.

Property Chitosan Common Plastics

Water Vapor Permeability (WVP)
(g/(m·s·Pa)) 1–10 × 10−11 [2,3,6,7,15] 0.01–1 × 10−11 [16–18]

Oxygen Gas Permeability (OP)
(cm3/(m·s·Pa)) 1 × 10−15–1 × 10−13 [3,6,7,15] 1 × 10−13–1× 10−12 [16–18]

Tensile Strength (TS) (MPa) 1–100 [2–4,7,15] 1–100 [16]

Elongation Before Break (EBB) (%) 1–50 [2–4,7],
100 (with plasticizer) [2,7] 1–500 [16]

Young’s Modulus (E) (GPa) 0.1–3 [7,15] 1–10

An important criterion for the selection of a crosslinking agent for food applications is that the
compound needs to be non-toxic. This eliminates cytotoxic compounds such as glutaraldehyde and
epichlorohydrin, which are commonly used to crosslink chitosan [19,20] for industrial membrane
applications such as waste water treatment. Similarly, grafting or crosslinking reactions facilitated by
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide with N-hydroxysuccinimide [11] are unsuitable since
these compounds are not food grade.

Tannic acid has been studied as a crosslinking agent for chitosan films [21], and has shown
improvement in WVP and TS. However, tannic acid is a complex, large polyalcohol compared to
typical crosslinkers, making it more difficult to understand its effect on film properties. Genipin,
an extract from gardenia and jagua fruit, is another option [22,23], and although reported to have
herbal benefits and is used for drug delivery [22], it has not yet been approved by the USA Food and
Drug Administration. Citric acid is non-toxic and has been used as a crosslinker for chitosan and other
polysaccharides for edible films [8,24–26], textiles [27,28], and hydrogels for drug delivery [29–31].
The reactions between chitosan and citric acid take place in the films at temperatures between 110 to
190 ◦C [8,32], ranging from a few minutes to several hours [8,32,33], with citric acid concentrations
of 5 to 30% (of dry polymer weight) [34], and either with [8,35] or without [26,29,32] a catalyst.
Recent work on plasticized chitosan films crosslinked with citric acid (1:1 w/w chitosan) reports
lower water absorption and WVP, but at the expense of lower TS and mechanical modulus [26].
Composite hemicellulose-chitosan foams show improvement in TS [33] after crosslinking with
citric acid.

The research on chitosan edible films crosslinked by citric acid has thus far performed the
crosslinking in a homogeneous manner [8,26,32]. That is, with a filmogenic solution containing citric
acid in addition to acetic acid. However, this method might not be the most appropriate. A study on
the effect of heating chitosan films has shown amidization reactions occur with the acids used in the
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preparation [36]. However, at 60 ◦C, citric acid does not appear to react with the amine of chitosan [36]
to the extent that acetic acid and propionic acid do. Therefore, in order to avoid competing reactions
between acetic and citric acid, acetic acid should be removed prior to the incorporation of the crosslinker
into the polymer matrix. Such a multi-step process is referred to as heterogeneous crosslinking, and
has been performed with epichlorohydrin [19], glutaraldehyde [19,37,38] and genipin [23] for chitosan.

In this work, the potential crosslinking of chitosan with citric acid using the heterogeneous
procedure was investigated. Two crosslinkers were used: citric acid and a model crosslinker,
glutaraldehyde (GTA). Additionally, homogeneous and heterogeneous methods were compared. While
Fourier transform infrared spectroscopy is an effective technique for studying changes to chemical
structure, such as the detection of new amide [33] or ester [24,35] bonds, the method cannot provide
distinction between grafting and crosslinking. In this work, crosslinking was examined by studying the
viscoelastic properties (storage modulus, E′, loss modulus, E′′, and tanδ) using dynamic mechanical
analysis (DMA) by considering principles of the rubber elasticity theory. This same approach has been
used previously for analyzing the crosslinking characteristics of various polysaccharide and protein
materials, such as methyl cellulose crosslinked with GTA [39], whey proteins with formaldehyde [40],
starch with trisodium trimetaphosphate [41], and chitosan hydrogels crosslinked with genipin [42].
Figure 2 illustrates the postulated covalent crosslinking by conversion of primary amine to amide
upon heat treatment of a chitosan film with citric acid, irrespective of film preparation by either the
homogeneous or heterogeneous crosslinking methods. Figure 2 also illustrates the ionic crosslinking
in a chitosan—citrate film with no heat treatment.

 

Figure 2. (A) Postulated covalent crosslinking of chitosan and citric acid with heat treatment and
(B) electrostatic bonding and ionic crosslinking between the protonated amine and carboxylate ion of a
non-heat treated chitosan citrate film.
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2. Materials and Methods

2.1. Materials

Chitosan (Mv = 50–190 kDa, 20–300 cP, 1 wt.% in 1% acetic acid solution at 25 ◦C, 75 to 85%
DD), acetic acid (>99.7%), and glutaraldehyde (Grade II, 25 wt.% aqueous solution) were purchased
from Sigma Aldrich (St. Louis, MO, USA). Citric acid (>99.5%) was obtained from Fisher Scientific
(Fair Lawn, NJ, USA) and sodium hydroxide (>95%) from EMD Chemicals (Gibbstown, NJ, USA).
All reagents were used as received without further modification. Ultra-pure water was used in the
film preparation process.

2.2. Film Preparation

The following films were prepared: (i) neat films, (ii) neutralized films, (iii) films with different
GTA concentration crosslinked homogeneously, (iv) films with different GTA concentration crosslinked
heterogeneously, (v) films with citric acid prepared heterogeneously without subsequent heat treatment,
and (vi) films with citric acid prepared heterogeneously with subsequent heat treatment. Table 2 lists
the film types, their crosslinker content, and their corresponding code names.

Neat chitosan films were made by the solvent casting method with 300 mL of filmogenic solutions
of 2% (w/v) chitosan in 2% (v/v) aqueous acetic acid. After mixing, solutions were filtered through
cheesecloth to remove undissolved material and impurities and subsequently degassed using a vacuum
aspirator to reduce dissolved gases. The solutions were cast on glass trays (16 × 30 cm) at ambient
conditions. Temperature and relative humidity (RH) conditions ranged from 18–23 ◦C and 20–25%,
respectively, and were monitored by a thermo-hygrometer (SMART2, InterTAN Inc., Barrie, ON,
Canada). The films required approximately 48 to 60 h to completely dry and form.

Neutralized films were prepared by submerging dried neat films in solutions of 0.2 M NaOH for
30 min, and were then thoroughly rinsed with ultra-pure water until the pH of the diluent reached that
of water. Excess water was wiped off the surface, and the wet neutralized films were firmly clamped
between a frame and glass plate to maintain shape and dimensions and avoid shrinkage [43], and
were then dried in an environmental chamber at 23 ◦C and 50% RH for 24 h.

Films crosslinked with GTA were prepared via the homogeneous and heterogeneous methods.
For homogeneously crosslinked films, denoted as GTA-HOM from now on, the filmogenic solutions
were prepared as the neat films; however, prior to casting, a predetermined amount of GTA (3,
6, 12 wt.% of chitosan) was slowly added to the solution. The crosslinking reactions proceeded
instantaneously and continued during the drying phase, which took approximately 24 to 36 h.
Heterogeneously crosslinked films, referred to as GTA-HET from now on, were prepared by immersing
dried neutralized films in 200 mL GTA aqueous solutions for 24 h at ambient conditions, where the
GTA (6, 12 wt.% of dried neutralized film) absorbed into the film and reacted with the chitosan.
The longer duration for crosslinking in the heterogeneous method is due to slower reaction kinetics
controlled by the lower rate of diffusion of GTA into the already formed film [38]. The wet GTA-HET
films were dried for 24 h in the environmental chamber (23 ◦C and 50% RH). The GTA-containing
films changed color to an orange-hue, as expected and reported previously [44].

Films containing citric acid (denoted as CA films) were prepared via the heterogeneous method.
Dried neutralized films were immersed 200 mL of citric acid aqueous solutions for 5 h at ambient
conditions. The concentration of citric acid was 15% (w/w dried neutralized film). The wet CA film
was clamped and dried for 24 h in the environmental chamber. The films were partitioned and one
piece was heat treated, (denoted as CA-HT films), at 150 ◦C for 0.5 h in an attempt to induce covalent
crosslinking. These heat treatment conditions were chosen based on the information reported in
the literature [8,32] and by taking into consideration that citric acid degrades after melting above
160 ◦C [29]. Based on the DD of the chitosan provided by the supplier, the approximate ratio of [NH2]
to [COOH] could vary from 0.88 to 0.99, near stoichiometric ratio.
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Table 2. Chitosan Film Types.

Film Code Name

Neat Neat
Neutralized Neutralized

Homogeneously crosslinked with 3% (w/w) glutaraldehyde (GTA) GTA-HOM-3
Homogeneously crosslinked with 6% (w/w) glutaraldehyde GTA-HOM-6
Homogeneously crosslinked with 12% (w/w) glutaraldehyde GTA-HOM-12
Heterogeneously crosslinked with 6% (w/w) glutaraldehyde GTA-HET-6

Heterogeneously crosslinked with 12% (w/w) glutaraldehyde GTA-HET-12
Heterogeneously prepared with 15% (w/w) citric acid (CA) CA

Heterogeneously prepared with 15% (w/w) citric acid, heat treated CA-HT

2.3. Dynamic Mechanical Analysis

The viscoelastic properties of the films were measured by temperature-ramp experiments in
tensile mode using a TA DMA Q800 (TA Instruments, New Castle, DE, USA) following the guidance
of ASTM D5206 (Standard Test Method for Plastics: Dynamic Mechanical Properties: In Tension).
The specimen dimensions were 5.5 ± 0.4 mm (width) × 10.0 ± 0.1 mm (gauge length). A preload force
of 1 N was applied during gauge length measurements. The thickness of the films ranged between
80 and 120 μm, and were measured using a digital micrometer (0.002 mm accuracy, Marathon Watch
Company, Richmond Hill, ON, Canada).

Films were heated at a constant rate of 3 ◦C/min, at a fixed frequency of 1 Hz and constant
strain of 0.15%. Preliminary strain-ramp tests showed that neat, neutralized, and crosslinked films
displayed a linear viscoelastic response above a strain of 0.12% at 30 ◦C. The films were tested in
triplicate, with the exception of GTA films which were tested with single or duplicate measurements.
The viscoelastic properties measured by the DMA and used for the analysis included storage modulus,
E′, loss modulus, E′′, and tanδ = E′′/E′.

The influence of absorbed water in the films on the viscoelastic properties was also evaluated by
preheating the specimens prior to DMA. The specimens were heated at 140 ◦C for 10 min without
any strain, followed by cooling to room temperature, and then conducting the tests as per the above
conditions. DMA tests are referred to film specimen with or without preheating.

Peak fitting was performed on the tanδ curves. The tanδ peaks were fitted with a constant baseline,
whose value was chosen as the minimum tanδ value for each specific plot. Fitting was performed with
OriginPro 8’s Peak Analyzer feature, where the final fit was based on the minimization of chi-square
and visual inspection of the fitted and experimental curves. The peak center and full width at half
maximum (FWHM) values were statistically evaluated using the Least Significant Difference (LSD)
test with a significance level of α = 0.1.

3. Results and Discussion

3.1. Description of Viscoelastic Behavior of Neat, Neutralized and CA Films

The plots of non-preheated neat, neutralized, CA and CA-HT films are shown in Figure 3.
Their temperature-dependent viscoelastic behaviors are now briefly described. (Note: The ranges
of temperatures discussed are based on trends collectively observed from replicate runs.) The E′ of
neat films decreased relatively linearly from 30 ◦C to approximately 100 ◦C, and then either plateaued
or reached a local minimum, increased to approximately 120–140 ◦C, decreased to a local minimum
near 160–180 ◦C and increased upon further heating. The corresponding E′′ increased from 30 ◦C and
passed through a shoulder peak until it reached a local maximum near 100 ◦C, decreased to a local
minimum near 130–140 ◦C, and then increased to a maximum at 150–160 ◦C. The corresponding tanδ
increased from 30 ◦C to a small, broad peak near 100 ◦C along with a smaller secondary peak, reached
a minimum between 120–130 ◦C and increased to a maximum near 160–170 ◦C.
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Figure 3. The plots of (A) storage modulus, (B) loss modulus, and (C) tanδ against temperature of neat,
neutralized, CA, and CA-HT films with no preheating.

The tanδ peak near 100 ◦C is the water induced relaxation peak arising from desorption and
subsequent evaporation of water molecules [45]. The additional secondary-peak, centered around
110 ◦C, was likely induced by the presence of acetic acid, as it was absent from the scans of neutralized,
GTA (Section 3.3) and CA films. It may be related to the σ-type conduction of acetate ions and protons
observed in isochronal dielectric measurements [46] in the temperature range of −10 to 150 ◦C of
neutralized and non-neutralized chitosan films.

The E′ for neutralized films decreased linearly from 30 ◦C to approximately 100 ◦C, then plateaued
until approximately 160 ◦C, and thereafter decreased. The corresponding tanδ increased from 30 ◦C to
a broad maximum near 100 ◦C, decreased to a local minimum near 140–160 ◦C before it increased to a
weak maximum near 180 ◦C. For CA and CA-HT films, a sufficient amount of similarity in their DMA
scans warrant a joint description and discussion. The E′ of the CA and CA-HT films decreased from
30 ◦C to a minimum near 140 ◦C, and then increased to a local maximum between 170–190 ◦C. For E′′,
a local maximum appeared near 80 ◦C, passed through a shoulder peak near 140 ◦C and declined
thereafter. The corresponding tanδ plots showed an increase up to 100–120 ◦C at which point the curve
either plateaued or displayed a second local maximum between 120–140 ◦C.

The E′ values at 35 ◦C and 195 ◦C extracted from the plots of non-preheated neat, neutralized,
CA, and CA-HT films are listed in Table 3. The two temperature levels are near ambient conditions,
and onset of degradation, respectively. The tanδ peak values and corresponding temperatures are also
listed in Table 3 (last four columns). The low temperature peak near 100 ◦C is designated as ‘peak 1’
and the high temperature peak near 160 ◦C is designated as ‘peak 2’.
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Comparison of the E′ values provides an assessment of material stiffness, which is related to
crosslinking as per the rubber elasticity theory. Increasing crosslink density, or decreasing the average
molecular weight between crosslinks, increases E′ in the rubbery-region of a material [47,48]. The tanδ
glass-transition relaxation peak broadens as the distribution of relaxation times increases and, it shifts
to higher temperatures as crosslinking increases the glass transition temperature, Tg. The drop in E′

with temperature across the glass-rubber transition for polysaccharides does not occur over several
magnitudes as it does with thermoplastics or rubbers. The applicability of rubber elasticity theory
on polysaccharide gels has been questioned as high stiffness of a material creates an internal energy
dependence to the overall change in free energy when it is mechanically deformed, in violation of
the entropic assumption of the theory [49]. Therefore, a quantitative estimate of crosslink density is
avoided here, and only evaluation of E′ and tanδ is used.

From Table 3 it can be seen that: (i) neat films had a lower E′ overall, (ii) E′ and tanδ of CA and
CA-HT films were not statistically different from one another, and (iii) the E′ (195 ◦C) values of CA
and CA-HT films were not statistically different compared to neutralized films. Regarding (i), the
results were as expected: neutralized films are stiffer than neat films because of a lower absorbed water
content of approximately 3% [50], which results in an increase in stronger inter- and intramolecular
hydrogen bonds. Crosslinking by GTA restricts chain mobility, hence the higher E′ of GTA-HOM
films compared to neat films. For (ii), these results demonstrate that heat treatment followed by 72 h
of conditioning did not influence the viscoelastic behavior of films with citric acid. Regarding (iii),
this observation shows that citric acid did not influence the properties relative to neutralized films
during the approach towards the glass transition as anticipated. An example of such an observation
was made with a DMA frequency sweep of a heterogeneously crosslinked chitosan-genipin film
studied under physiological conditions that exhibited a storage modulus value more than double
that of its neutralized counterpart [42]. Any differences between neutralized and CA films could be
structure related, and not necessarily related to crosslinking. For instance, X-ray diffraction (XRD)
scans of chitosan films cast with citric acid displayed a more amorphous structure than chitosan acetate
films [36]. Since polymers with a higher crystallinity typically display greater storage modulus [47],
it might be possible that an increase in amorphous structure caused by citric acid had a counter
balancing effect on the increase in rigidity from crosslinking, and thus the difference in E′ (195 ◦C) of
neutralized and CA films was not statistically significant. Neutralization does decrease the degree of
crystallinity [50], by about 6% [51] compared to neat films.

Comparing the crosslinked and non-crosslinked forms of a material does have some challenges.
If the degree of physical entanglements is high it could mask the detection of new covalent crosslinks in
the rubbery-plateau region if the degree of covalent junctures is low. Changes to the storage modulus
in this region from crosslinking become more observable when tested using lower frequencies [52],
and 1 Hz is sufficiently low. While crosslinking is expected to increase E′ in the rubbery region, it
does not always increase it in the glassy region, as demonstrated by photo-crosslinked polyacrylate
membranes [48]. For this reason, E′ (35 ◦C) is considered less of an indicator for crosslinking here,
especially as E′ (35 ◦C) of CA and CA-HT are not significantly different.

The crosslinking procedure can influence the degree of crystallinity and the type of bond
between the crosslinker and chitosan [19,37]. For example, heterogeneous crosslinking with
chitosan-glutaraldehyde does not reduce crystallinity to the extent that the homogeneous procedure
does [19], and it is hypothesized that heterogeneous crosslinking mostly occurs at the surface [19] and
in the amorphous regions of the polymer matrix [37]. It is similarly expected that citric acid will absorb
and react mostly at the surface and amorphous domains of the films.

Preload forces may have some impact on measured viscoelastic properties, especially on
softer, biological materials [53]. Strain hardening from preloading can be avoided with strain-rate
measurements which negate the use of a trigger force before the measurements. Bartolini et al. [54]
studied the viscoelastic response of nano-indented poly(dimethylsiloxane) strips and found that the
apparent elastic moduli of previously strained samples were lower than non pre-strained samples.

11



Processes 2019, 7, 157

Here, the 1 N force applied to the specimens during gauge length measurements is unlikely to make a
great impact, as it is less than the net force applied to the specimens for 0.15% strain. It is possible that
the static force applied during dynamic moduli measurements could affect the different film types to
different degrees, thereby creating a bias in the data.

Chitosan films are non-isotropic with a significant degree of variation of density, crystallinity,
and chemical structure throughout. This will impact the apparent mechanical moduli values which
are determined as a bulk quantity, averaged over the specimen volume. Inhomogeneities within the
crosslinked films can be probed using microscale techniques such as nano-indentation, where the
indenting load is applied cyclically, either at a constant or increasing load rate [55,56]. This could be
considered for assessing differences in heterogeneity between neat, neutralized and CA films.

Table 3. Characteristics of the dynamic mechanical analysis (DMA) curves for film specimens with
no-preheating (see Table 2 for film code names).

Film Parameter
E′

(35 ◦C)
E′

(195 ◦C)

tanδ Peak 1 tanδ Peak 2

T tanδ T tanδ

(MPa) (MPa) (◦C) (◦C)

Neat mean 5071 a 2382 a 102.0 a 0.129 a 164.8 a 0.216 a

± 432 127 2.8 0.015 2.8 0.045
COV * (%) 8.5 5.3 2.7 11.7 1.7 21.1

n 6 6 6 6 6 6

Neutralized mean 6665 b 4143 b 106.7 a 0.089 b 187.6 b 0.078 b

± 728 334 12.9 0.003 9.8 0.001
COV * (%) 11 8 12.1 3.4 5.2 1.7

n 5 5 5 5 4 5

CA mean 7588 c 4727 c 106.9 a 0.099 b 130.2 c 0.097 b,c

± 489 349 8.9 0.016 8.4 0.026
COV * (%) 6.4 7.4 8.3 16.4 6.5 26.3

n 3 3 3 3 2 2

CA+HT mean 7605 c 4479 b,c 104.2 a 0.088 b 131.1 c 0.096 c

± 871 635 4.6 0.005 - -
COV * (%) 11.5 14.2 4.4 5.5 - -

n 4 4 4 4 1 1

GTA-HOM-3 n = 1 5123 2475 106.5 0.156 165.7 0.201

GTA-HOM-6 n = 1 6222 3367 96.1 0.110 168.9 0.110

GTA-HOM-12 n = 1 5882 3160 97.3 0.090 167.0 0.091

* COV—Coefficient of Variation. Significant statistical difference between means is indicated by different
superscripted letters (LSD test, α = 0.1).

3.2. Effect of Preheating Film Specimens and Thermal Treatment on CA Films

The effects of heat treatment on CA films and preheating on films are now discussed. Scans of
preheated neat, neutralized, CA, and CA-HT films are shown in Figure 4. At low temperatures, E′

increased relative to non-preheated films by approximately 2000 MPa and the slope of ΔE′/ΔT was
greater for the majority of the scan. Above 170 ◦C the storage modulus plots of the non-preheated and
preheated scans merged and overlapped (or see Park and Ruckenstein [39] for similar observation
with methylcellulose). This is due to the difference in water content becoming less with increasing
temperature. Additionally, preheating reduced peak 1 from values in the range of 0.89–0.99 down to
0.52–0.59 for neutralized and CA films, respectively. For the full set of tanδ and E′ values of preheated
neat, neutralized, CA and CA-HT films, see Table 4.
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Table 4. Characteristics of DMA curves for Preheated Specimens (see Table 2 for film code names).

Film Parameter
E′

(35 ◦C)
E′

(195 ◦C)

tanδ Peak 1 tanδ Peak 2

T tanδ T tanδ

(MPa) (MPa) (◦C) (◦C)

Neat mean 7826 a 2289 a - - 169.3 a 0.213 a

s 427 152 - - 4.2 0.034
COV * (%) 5.5 6.6 - - 2.5 16.0

n 4 4 0 0 4 4

Neutralized mean 9384 b 4162 b 124.1 a 0.059 a 187.2 b 0.078 b

s 859 385 3.8 0.002 5.5 0.003
COV (%) 6.7 6.8 2.5 3.4 2.3 2.6

n 6 6 6 6 6 6

CA mean 9982 b 4348 b 117.8 b 0.059 a,b 166.5 a 0.061c

s 220 93 1.0 0.005 1.1 0.005
COV (%) 2.2 2.1 0.8 8.3 0.7 9.0

n 2 2 2 2 2 2

CA+HT mean 9351 b 4612 b 125.8 a,b 0.050 b 165.3 a 0.051 c

s 609 244 10 0.004 3.2 0.004
COV (%) 6.5 5.2 7.9 8.0 1.9 8.8

n 3 3 3 3 3 3

GTA-HOM-3 mean 9119 2749 97.3 0.060 175.3 0.167
s 282.1 159.3 5.8 0.000 0.5 0.008
n 2 2 2 2 2 2

GTA-HOM-6 n = 1 9740 3162 92.4 0.068 181.6 0.101

GTA-HOM-12 n = 1 9413 3584 77.9 0.067 191.8 0.080

* COV—Coefficient of Variation. Significant statistical difference between means is indicated by different
superscripted letters (LSD test, α = 0.1).

Since the film specimens were heated by ramping in the DMA, and CA-HT films were thermally
treated prior to DMA testing, it is important to consider changes to chemistry and chain structure
following heat treatment and their subsequent effects on mechanical properties. Infrared spectroscopy
studies reveal an increase in the intensity of bands corresponding to secondary amine (–NH–)
(amide II) [21] and amide-carbonyl (–N–C=O) (amide I) [21,36] at approximately 1560 and 1650 cm−1,
respectively, as a consequence of heating. They also show a simultaneous decrease in protonated
amine and carboxylate ion peaks at approximately 1515/1615 and 1555 cm−1, respectively. As stated
earlier, the potential reactions between chitosan amine and carboxyl groups from residual acetic acid
is the main motive for neutralizing the films prior to the absorption of citric acid into the matrix: to
avoid competition of amidization between the two acids. Further evidence of reaction resulting from
conditioning at high temperatures (>100 ◦C) is reduced film solubility in water [21] and acid aqueous
solutions [21,57], which agrees with the effect of amidization as protonation of the amine is necessary
for chitosan dissolution.

Some authors report an overall decrease in crystallinity [36] with heating. In this situation, the
higher ratio of amorphous to crystalline regions would likely strengthen the appearance of Tg and
cause it to shift to higher temperatures and decrease E′. If there is such a reduction in crystallinity
in preheated or heat treated films here, it is negligible with respect to the error associated with
experimentation as the E′ (195 ◦C) of preheated and non-preheated scans are not significantly different.
Other studies report a transformation from the ‘tendon’ (hydrated) to the ‘annealed’ (anhydrous)
crystal structure [57] after heating. Despite all potential changes to physico-chemical and structural
properties from preheating or heat treatment that may affect mechanical properties, they are less likely
to be detectable in the glassy state by the more pronounced effect of increased rigidity when absorbed

13



Processes 2019, 7, 157

water is evaporated out. In short, no effects from changes to crystal structure or crystallinity from
heating were observed here.
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Figure 4. The plots of (A) storage modulus, (B) loss modulus, and (C) tanδ against temperature of
preheated neat, neutralized, CA, and CA-HT films.

3.3. GTA-Crosslinked Films

The tanδ and E′ values from the non-preheated and preheated scans of GTA-HOM films are
listed in Tables 3 and 4, respectively; see Table 2 for the film names. The plots for preheated scans for
GTA-HOM films are shown in Figure 5, and plots of non-preheated scans are shown in Figure A1 in
the Appendix A. Comparisons with neat films, and the effect of GTA concentration are now discussed.
The film with the lowest concentration, GTA-HOM-3, displayed similar quantitative and qualitative
viscoelastic behavior to the neat films. For both non-preheated and preheated conditions, the E′ (195 ◦C)
values of GTA-HOM films exceed those of neat films, as expected with crosslinked films. Increasing
the concentration from 3 to 12% caused the following changes: (i) a decrease in magnitude of peak 1
(non-preheated scans) as amide/imide formation would reduce H-bonding capacity, (ii) a decrease
in tanδ peak 2 magnitude and a shift to higher temperatures (Table 4), and (iii) an overall increase in
E′. The E′, E′′ and tanδ curves for preheated GTA-HOM-6 and -12 films overlapped reasonably well,
indicating marginal differences in the degree of crosslinking above 6% GTA. A systematic increase
in E′ (195 ◦C) with an increase in GTA concentration was observed for preheated GTA-HOM films.
However, this was not seen in the non-preheated GTA-HOM specimens, which may be related to
the stiffness of the polymer chain. Park et al. [39] did not observe significant changes to the glass
transition peak in their DMA tanδ scans of methylcellulose-GTA crosslinked hydrogels, and they
claimed that the high rigidity of the polysaccharide backbone prevents any indication of changes
induced by covalent crosslinking.
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Figure 5. The plots of (A) storage modulus, (B) loss modulus, and (C) tanδ against temperature of
preheated 3, 6, and 12% GTA-HOM films and a neat chitosan film.

In addition to GTA-HOM films, heterogeneously prepared GTA films were also investigated.
(DMA studies of heterogeneously crosslinked chitosan-glutaraldehyde films are seldom reported but
are still available in the literature [58].) Figure 6 shows the DMA scans of GTA-HET-6 and GTA-HET-12
films. For these films, the maximum temperature of the scan was increased from 200 to 220 ◦C to test
the temperature-DMA limits of the chitosan films. Despite being more brittle, the E′ values of the
GTA-HET crosslinked films were less than both the homogenously prepared GTA and neutralized
films within the majority of the temperature range recorded, as shown in Figure 6. This would suggest
that producing films heterogeneously might have cleaved the polymer chains while simultaneously
crosslinking them, mostly at the exterior [19]. New bonds formed with glutaraldehyde may either be
imines, or a combination of imine and Michael-type adducts, for heterogeneous versus homogeneous
crosslinking, respectively [19]. The difference in bond formation and majority of crosslinking at the
exterior of the film might account for the extra brittleness exhibited by GTA-HET films.

The tanδ peak 2 was not visible for the GTA-HET films, but rather a new, broad peak with an onset
near 170 ◦C began to emerge, whose center was out of the measured temperature range. This peak
could be more representative of a glass-rubber transition which is speculated to exist within the film
degradation range. The degradation of neutralized chitosan films typically begins near 200 ◦C and
reaches a maximum degradation rate near 275 ◦C [43]. For our neutralized films, only a 1% mass
loss was found between 200 and 250 ◦C and the differential thermogravimetric analysis peak was
at 290 ◦C. It cannot be ruled out that the GTA-HET peak onset at 170 ◦C could be due to an earlier
onset of degradation, as crosslinking with GTA [58] has been found to do. However, in the case
of heterogeneously crosslinked chitosan membranes formed by electrospinning, thermogravimetric
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analysis scans by Correia et al. [59] did not demonstrate differences between neutralized chitosan films
and ethanol neutralized-heterogeneously crosslinked GTA membranes, showing that heterogeneous
crosslinking with GTA does not necessarily lower the decomposition onset temperature.
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Figure 6. The plots of (A) storage modulus and (B) tanδ against temperature of non-preheated and
preheated scans of 6 and 12% GTA-HET films.

3.4. Analysis of tanδ and Relation to Crosslinking

To evaluate the relaxation properties of the films further, peak deconvolution was performed on
the tanδ curves to obtain a more accurate peak center and to estimate the FWHM (units of temperature).
If tanδ peak 2 is related to the glass transition, one would expect peak widening as a consequence of
crosslinking and a shift to higher temperatures.

The tanδ peak 2 deconvolution analysis is presented in Table 5. The peak 2 FWHM values of the
neutralized films were higher (statistically significant) than those of the CA films for both preheated
and non-preheated specimens, contrary to expectations of peak broadening with the addition of citric
acid and formation of covalent crosslinks. Furthermore, the FWHM values of preheated CA and
CA-HT films were not significantly different, which suggests that thermal treatment likely did not
change the bonding type from ionic to covalent, just as the lack of difference in E′ values previously
indicated, as discussed in Section 3.1. By contrast, the peak width of GTA-HOM films increased from
35 to 59 ◦C by increasing GTA concentration from 3 to 12%, and peak 2 moved to higher temperatures,
according to expectations of an increase in crosslink density.

The height of the tanδ peak 2 diminished from 0.213 ± 0.045 for neat to 0.078 ± 0.01 for
neutralized films. The reason for this drop may be due to changes to the chemical nature of the
films. Gartner et al. [50] speculated that the origins of this relaxation peak are from electrostatic, ionic
interactions between the conjugate base of the solvating acid and the protonated amine. They compared
the tanδ properties of neat and neutralized films made from acetic and hydrochloric acid using
DMA, and similar tanδ temperature-dependence of their chitosan acetate film was found with this
study. Their 15N nuclear magnetic resonance (NMR) scans [50] provide supporting evidence for
the electrostatic interactions by showing shifts in the peak correlated with the amine group of the
HCl-prepared neutralized film to a position approximately that observed for the unprotonated chitosan

16



Processes 2019, 7, 157

powder, thus suggesting the conversion from –NH+
3 back to –NH2 [50] following treatment with NaOH.

Thus, the lower height of tanδ peak 2 for neutralized chitosan films observed in this study makes the
hypothesis of ionic effects responsible for the relaxation peak as more plausible (and less likely to be
the Tg).

Preheating film specimens prior to DMA scans did not significantly change the tanδ peak 2 height
or position for neat and neutralized films, as shown in Table 5. By contrast, Sakurai et al. [60] found
that preheating their chitosan films at 180 ◦C caused the tanδ peak at 150 ◦C to subside compared to
non-preheated film, and instead a new peak emerged at 205 ◦C, which they speculated was closer to
the true Tg, and thus argued the peak at 150 ◦C was from a pseudo-stable state of the polymer chains.
The removal of plasticization effects from water would increase Tg; however, as this was not observed
here for T (peak 2) of neat and neutralized films, this casts further doubt on the plausibility that the
origin of peak 2 being the glass-rubber transition. Moreover, with preheating of neutralized specimens,
peak 2 became more observable, indicating a partial masking effect caused by absorbed water and the
water-induced relaxation peak.

To further elucidate the nature of the tanδ peak 2, films containing 15% citric acid were prepared
homogeneously, with a 2% acetic acid solution. This film was not subsequently heat treated so the
crosslinking was ionic. The similarity of the tanδ curves of the homogeneously and heterogeneously
prepared CA films sufficiently demonstrated that the shift of the peak 2 center from 165 to 130 ◦C
with the incorporation of citric acid into the films was independent of the film preparation method.
See Figure A2 in the Appendix A. This further supports the notion that the high temperature peak
is from ionic effects, as citric acid will be in its conjugate form in a film crosslinked homogeneously.
The difference between the viscoelastic properties of a chitosan acetate film and a chitosan citrate film
is that preheating has a more significant effect on T (peak 2) for the latter than the former.

Table 5. Peak Deconvolution, Fitting Data for tanδ Peak 2 (see also Tables 2–4).

Film Type Preheat Parameter Baseline Center (◦C) FWHM Height

Neat N mean 0.068 a 166.0 a 36.5 a 0.130 a

± 0.005 2.9 2.6 0.034

Neat Y mean 0.052 b 177.2 b 29.9 a 0.116 a

± 0.008 6.5 4.4 0.047

Neutralized N mean 0.057 b 188.8 c 105.5 b 0.021 b,c

± 0.002 12.2 29.1 0.002

Neutralized Y mean 0.029 c 188.5 c 67.9 c 0.048 c

± 0.006 3.4 4.8 0.008

CA+HT N mean 0.046 b 137.6 d 56.8 c 0.013 b

± 0.002 5.7 3.4 0.002

CA+HT Y mean 0.045 b 168.3 a 32.2 a 0.006 b

± 0.006 4.1 7.6 0.004

CA N mean 0.046 b 146.2 d 44.7 a 0.024 b

± 0.004 2.0 5.5 0.004

CA Y mean 0.045 b 173.3 a,b 44.1 a 0.012 b

± 0.005 13.3 27.8 0.008

Significant statistical difference between means is indicated by different superscripted letters (LSD test, α = 0.1).
FWHM: full width at half maximum.

4. Conclusions

The viscoelastic properties, namely the E′, E′′, and tanδ of chitosan films were investigated to
gain insights on the presence of potential covalent crosslinking between citric acid and chitosan.
According to the rubbery elasticity theory for crosslinked polymers, the storage modulus is expected
to be higher as the polymer approaches and enters into the rubbery region, due to a lower molecular

17



Processes 2019, 7, 157

weight between crosslinks. While the effect of crosslinking for the model GTA films was demonstrated
with respect to E′, no statistical difference was observed for E′ between CA, CA-HT, and neutralized
chitosan films near 200 ◦C suggesting that the post thermal treatment of CA films did not induce
covalent crosslinking and the interaction between the chitosan amine and CA remained ionic.
Furthermore, the difference in E′ at temperatures above 170 ◦C for the preheated and non-preheated
film specimens was negligible indicating that moisture did not affect the structure of the chitosan
films entering the rubbery region. The tanδ peak at high temperature (peak 2) was also used as an
indicator for crosslinking and the glass transition. The tanδ peak 2 of GTA-HOM films shifted to higher
temperatures which seemed supportive of an increase in glass transition temperature. However, other
changes to tanδ from neutralization and the addition of citric acid indicate that the tanδ peak 2 is more
likely related to ionic bonding. Peak fitting analysis of tanδ peak 2 showed that neither the presence of
citric acid nor thermal treatment of CA films resulted in the broadening of the peak as would have been
expected for an increase in distribution of relaxation times with crosslinking. This was also confirmed
by a quantitative and qualitative similarity of the tanδ plots of homogeneously and heterogeneously
prepared chitosan-citrate and CA films. The high temperature tanδ relaxation peak shifted from 170 ◦C
for the neat film down to 130 ◦C for the CA films, irrespective of the CA film preparation method
(homogeneous or heterogeneous). Thus, the DMA measurements seemed to confirm that the high
temperature relaxation peak near 170 ◦C is phenomenologically connected with the ionic state of
the polymer, and not an indication of the glass transition. However GTA-HET films did show the
emergence of a weakly defined peak above 200 ◦C, which is more likely to be correlated with the
glass transition than any of the other films. Most notable is that these DMA tests confirmed that the
heterogeneous method of producing chitosan films with citric acid has potential, just as it is with other
crosslinkers such as GTA, epichlorohydrin, and genipin. This allows for future considerations on how
to properly induce covalent crosslinking with citric acid using the heterogeneous procedure. This could
be achieved by optimizing heat treatment conditions or utilizing a phosphate-based catalyst.
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Appendix A
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Figure A1. The plots of (A) storage modulus, (B) loss modulus, and (C) tanδ against temperature of
non-preheated 3, 6, and 12% GTA-HOM films and a neat chitosan film.
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Figure A2. The plots of (A) storage modulus and (B) tanδ against temperature of non-preheated
specimens of neat film, a neat film with 15% citric acid, a CA film, and a preheated neat film with 15%
citric acid.
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Abstract: The substitution of petroleum-based synthetic polymers in latex formulations with
sustainable and/or bio-based sources has increasingly been a focus of both academic and industrial
research. Emulsion polymerization already provides a more sustainable way to produce polymers for
coatings and adhesives, because it is a water-based process. It can be made even more attractive as a
green alternative with the addition of starch, a renewable material that has proven to be extremely
useful as a filler, stabilizer, property modifier and macromer. This work provides a critical review
of attempts to modify and incorporate various types of starch in emulsion polymerizations. This
review focusses on the method of initiation, grafting mechanisms, starch feeding strategies and
the characterization methods. It provides a needed guide for those looking to modify starch in an
emulsion polymerization to achieve a target grafting performance or to incorporate starch in latex
formulations for the replacement of synthetic polymers.

Keywords: Starch; graft; polymerization; emulsion; polysaccharide

1. Introduction

To achieve a sustainable society, we must intensify responsible agriculture and industry and reduce
our greenhouse gas (predominantly CO2) emissions and use of non-biodegradable and single-use
materials. The polymer industry has a major role to play in this shift in practice [1]. A bio-based
economy focusses on extracting useful organic materials from renewable sources such as starch and
other saccharides. It is expected that the proportion of plastic products that are bio-based in the market
will increase each year and that up to 20% of all chemicals will be bio-based by 2020 [2]. The bioplastics
market had an annual growth rate of 40% worldwide and 50% in Europe from 2003 to 2007 and is
currently growing at 20–30% per year [3]. Starch-based polymers accounted for 70% of the bio-based
market in 2003 (equivalent to 25,000 tons), increasing to 114,000 tons in 2007 and is projected to increase
to 810,000 tons in 2020 [4]. In 2009, 75% of the starch-based plastics market was located in Europe [3].
There is a wide range of technologies used for the production of starch-based products, including
polymerization reactions, blending and thermoforming and that range from those at the research and
development stage to fully commercialized processes. Growth has been slower than that of biofuels,
however, due to a lack of government incentives [2].

Emulsion polymerization, as opposed to bulk and solution polymerization, is a method that
provides enhanced heat transfer by using water as a dispersion medium, allows for high molecular
weight products at simultaneously high reaction rates, enhanced control over polymer morphology
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and structure, as well as resulting in a final latex with a viscosity independent of molecular weight [5,6].
Paints and coatings are the largest uses of latexes, with 60% being for decorative uses and 10% for
industrial applications. Other films are applied for laminates, as construction adhesives or pressure
sensitive adhesives. Perhaps most famously, the first large volume commercial product from an
emulsion polymerization was styrene butadiene latex rubber as a replacement for natural rubber
during World War II [7]. Latexes have also been used to improve the strength and durability of asphalt
and concrete, as coatings for textiles, films for packaging, pellets or gels for moulding, as additives for
printing inks, as templates for nanostructured optoelectronic materials and as the key ingredient in
toner, waxes, polymer alloys, caulks, sealants, engine fluids, pigments and carpet backing [8–11]. Niche
applications include drug delivery, whereby the active molecule is embedded into or immobilized
onto the latex polymer particle, calibration material for analytical equipment, as coatings for magnetic
recording media and for purification of biological formulations [7,12]

From a green chemistry perspective, it would be ideal to have the entire polymer formulation
sustainably sourced and produced. One strategy is to ensure that monomers (feedstock for
polymerizations) are synthesized from non-petroleum-based feedstock. Fillers and property modifiers
should also be sourced from natural and sustainable feedstock where possible. Biopolymers such as
polysaccharides offer naturally occurring and sustainably grown materials to act as fillers or macromers
as a substitute for synthetic, petroleum-based monomers in polymer formulations. Polysaccharides
have been extensively studied and are among the most abundant, versatile, inexpensive and
commercially utilized biopolymers [5,13–32].

Starch is a polysaccharide material consisting of amylose and amylopectin arranged in a granular
structure with both amorphous and crystalline domains. Starches have found widespread application
in many industries for use as food additives, pigment binders in paper production and rheology
modifiers for pharmaceutical and textile industries [17,33,34]. Starch can be suspended or, after
its granular structure is removed, dissolved in water and its properties are tuneable by physical
or chemical modification. When combined with other materials, modified starches impart a wide
range of properties to a polymer composite depending on the starch type, its pre-treatment and
functionalization [15,28,34–43]. As a filler or reactive co-polymer, starch can be used to displace
reasonable amounts of synthetic material, reducing the products’ dependence on petroleum based
feedstock, making the overall process more sustainable. Overcoming certain undesirable properties of
starch (i.e., tensile strength, hardness, hygroscopicity), as well as compatibility issues between raw
or modified starch and synthetic polymers, is essential for the effective use of starch in industrial
latex formulations.

While starch is used extensively as a substrate for graft polymerizations, its use in polymer
latexes is an emerging field of interest [44,45]. Because of the many challenges inherent in using starch
in water-based formulations in combination with hydrophobic materials, innovative strategies are
required. This work focuses on the use of starch as a filler, colloidal stabilizer and reactive polymer in
emulsion polymerizations, as well as the feeding strategies that have been employed to incorporate
various modified starches into the latex, the effect of reaction variables on grafting performance and
final latex properties and finally, on the analysis and characterization methods used to determine
grafting performance and other properties. In this review we highlight instances where elevated rates
of incorporation of starch and especially of encapsulation, have been reported.

2. Polymer Latex

2.1. Emulsion Polymerization

Emulsion polymerization is a form of heterogeneous free radical chain polymerization, where
hydrophobic polymer particles are formed in an aqueous dispersion medium [46]. It satisfies, to a high
degree, the 12 principles of green chemistry: as in solution polymerization, the use of small amounts
of free radical initiator overcomes the need for excess stoichiometric reagents (principle 9); greater

24



Processes 2019, 7, 140

control over molecular weight and final polymer properties at high conversion, relative to solution
polymerization, reduces the amount of off-spec and waste materials (principle 1); the use of water as
the reaction medium removes the need for solvent use and subsequent evaporation, thus enhancing
process safety and reducing energy costs (principles 3, 4 and 5); and lower viscosity profiles lead to
enhanced heat transfer and therefore, lower energy requirements (principle 11) [1,12]. The addition
of sustainably produced and sourced monomers and fillers (principles 4, 7 and 10) further enhances
the “greenness” of the process by displacing typically petroleum-based monomers, giving the overall
formulation a smaller environmental footprint.

The mechanism of emulsion polymerization typically begins with the formation of micelles
(aggregates of surfactant with their hydrophobic tails oriented inwards) in the aqueous reaction
media, which occurs when the surfactant molecules reach their critical micelle concentration (CMC).
A significant amount of surfactant remains dissolved in the water phase. When a hydrophobic
monomer is added, the monomer partitions into three loci: (1) large monomer droplets that are
stabilized by the excess surfactant, (2) micelles and (3) dissolved in the aqueous phase (as a small
percentage). Water-soluble initiator is added to the water phase where it slowly dissociates into
free radicals during the polymerization. The free radicals react with the monomer dissolved in the
aqueous phase to form water-soluble oligomeric radicals. When the oligomeric radicals reach a critical
chain length to render them sufficiently hydrophobic, they enter the monomer-swollen micelles, thus
nucleating a polymer particle. Due to the large surface area occupied by the micelles compared to
the monomer droplets, the nucleation of micelles is the dominant particle nucleation mechanism.
The entry of oligomeric radicals into the micelles is called heterogeneous or micellar nucleation and
is dominant when surfactant is present above its CMC. Homogeneous particle nucleation can also
occur (especially when the surfactant concentration is below its CMC) where the low molecular weight
oligomers reach their insolubility limit and precipitate. They are then stabilized by surfactant and
become polymer particles. Other ingredients such as buffer, chain transfer agent and crosslinker can
be used to modify the reaction kinetics and latex properties. Final latexes can be used as produced or
with the addition of post-polymerization additives.

The polymerization can be further described by three reaction intervals (I, II, III) (Figure 1).
Interval I comprises nucleation of polymer particles and sees an increase particle number
(and consequently the polymerization rate) over time. By the end of this interval (5–15 wt.%
monomer conversion), monomer-swollen micelles are no longer present, having been nucleated
or the surfactant distributed and absorbed onto the growing polymer particles; the number of particles
(and consequently polymerization rate) becomes constant. During interval II, a thermodynamic
equilibrium is maintained that keeps the monomer concentration in the polymer particles constant
by the continuous transport of monomer from the monomer droplets to the particles. Thus,
the polymerization rate remains constant (and no new particles are nucleated), while the polymer
particles increase in size and the monomer droplets are depleted. The end of interval II is signalled
by the disappearance of the monomer droplets. Interval III begins anywhere between 40–80 wt.%
monomer conversion. With the particle number remaining constant and a lack of new monomer
added to the system, the polymer concentration in each particle increases and the polymerization rate
decreases until full conversion is reached. Final latex polymer particles are typically 50–300 nm in
diameter, with a latex viscosity ranging from 30–1000 cp and solids content from 30–70 wt.%. Several
particle morphologies are possible such as core-shell, occluded and moon-like. The morphology is
dependent on the hydrophobicity and reactivity of the monomers, the glass transition temperature (Tg)
of the resultant polymers, the presence of fillers and macromers, the distribution of free radicals within
the composite polymer particle and the degree of polymerization between components. Polymerization
conditions such as formulation, semi-batch feed strategy, initiation method and temperature are also
factors that affect morphology [7,47–50].
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Figure 1. Mechanisms of the three intervals of an emulsion polymerization.

2.2. Film Formation

The mechanism of film formation is generally understood to consist of three stages: drying,
deformation and coalescence (Figure 2) [47,51–53]. Drying begins once the latex is evenly spread upon
a substrate, after which water evaporates at a constant rate until a polymer volume fraction of 0.6–0.75
is reached. During this stage, the particles form a coordinated array, the specific orientation of which
depends on ionic strength, viscosity and other factors. Deformation occurs as the evaporation rate
slows and particles become closely packed; this occurs above the minimum film formation temperature
(MFFT). A thin film may first form at the surface, causing further evaporation to occur by diffusion of
water through this polymer “skin.” Particles then contact each other and start to deform to polyhedral
structures through air-water, water-polymer and polymer-air interfacial tensions, osmotic forces and
surface adhesive forces. Finally, polymer chains diffuse across particle boundaries to reduce surface
energy and the spheres coalesce into a continuous film. The type of surfactant used to stabilize the
particles can affect their mobility and the subsequent film’s uniformity. The use of additives that
modify the density and surface properties of the particles, as well as fillers that alter the zeta-potential
with hairy layers or introduce layers of polymer with varying glass transition temperatures, will most
likely have an effect not only on the deformation and coalescence of the particles but also on the
homogeneity of the final film, as well as its sensitivity to environmental factors.
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Figure 2. Film formation mechanism of polymer latex.

3. Starch Properties and Modification

3.1. Structure and Properties

Starch is considered a low cost feedstock that offers an economically viable alternative to
petroleum sourced materials (e.g., synthetic monomers) [4]. The two largest producers of maize
starch worldwide are the United States of America and China. The use of starch as a source of non-food
products such as ethanol has increased prices and raised concerns over whether or not to divert food
resources to fuels and materials [54].

Two types of polysaccharides make up starch, amylose and amylopectin. Amylose is linear with
anhydroglucose repeat units connected by α-1,4-D-glucoside bonds, while amylopectin is branched and
contains α-1,4-D-glucoside bonded glucose repeat units with short branches of α-1,4-D-glucopyranose
bonded polysaccharide chains at α-1,6 branch points (every ~22 repeat units) (Figure 3) [55].

 
Figure 3. Structure of starch with carbon atoms labelled.
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The molecular weights of amylose and amylopectin are dependent on the botanical source but are
generally in the range of ~105–106 g/mol and ~107–108 g/mol, respectively [56]. These polymers are
naturally occurring and are principally extracted from corn (maize), potato, wheat and rice feedstock.
Starch is nontoxic and biocompatible, making it safe for human contact and food applications, while
its biodegradable properties make it appealing for sustainable materials [18,57]. The granule and
particle size of starch depends on its source (e.g., maize, wheat, potato), number of contaminants
(e.g., protein) and morphology (e.g., crystallinity). Starch is first extracted from its source in the form
of microscopic granules (2–100 μm) with rings (120–500 nm) of “blocklets” (20–50 nm), each containing
alternating layered lamella (9 nm) of crystalline and amorphous regions [5,58,59]. The granules are
often colloidally stable in solution, as are other physically modified forms of starch, so long as this
stability is not affected by complexing of associable amylose and amylopectin [60]. The crystallinity of
extracted starch ranges from 19% in high amylose starch and 39% in waxy maize (low amylose), to
51% in rice starch [59]. Native starch granules have low cold water solubility, are sensitive/responsive
to changes in pH, moisture, temperature and mechanical stress [61,62]. Typically, at temperatures
above 60 ◦C, native starch undergoes irreversible gelatinization which begins with swelling of the
granules (30 and 100 times by volume for maize and potato, respectively) followed by dissolution into
the continuous aqueous phase, forming a viscous solution [17,60]. Once these solutions cool, the linear
amylose chains orient themselves into double-helices, while amylopectin crystallizes by attraction
of the short branch chains, all of which forms a network that separates from the continuous phase
in a process called retrogradation [60,63]. Amylose and amylopectin carry no charge and contain
an abundance of hydroxyl functional groups, making them a prime candidate for the addition of
customized moieties or for grafting reactions [59].

Starches (particularly native and cooked) suffer from limited solubility, high hydrophilicity, high
viscosity, moisture sensitivity and brittleness and thus require some form of physical and chemical
modification to make them applicable in polymer composite formulations. At the same time, starch
can be viewed as a useful additive to synthetic polymer formulations as a property modifier [26]
(e.g., increase oxygen and toluene and decrease water barrier resistance [64]) or to increase the
biodegradability [29] and/or sustainability of the final product.

3.2. Physical and Chemical Treatment

Native starch granules (2–100 μm) can be used in polymerizations but are typically first swollen
and gelatinized through cooking, which removes the granular structure [5,65,66]. “Native” starch is
defined herein as starch that is in the granular form and has not undergone a change in molecular
weight, crystallinity, composition or functionality (modification of moieties). Distinction will be made
between granules, which are not cooked and gelatinized starch, which has been swollen and become
soluble in water. Several mechanical and chemical treatment methods exist that modify the properties
of starch but do not introduce functionality to the starch structure. These methods, summarized in
Table 1, are often used to extract a specific type or molecular weight of amylose or amylopectin from the
granules, to affect granule particle size, degree of crystallinity or overall morphology. Many of these
methods are combined for multiple effects. Often treatment is followed by or coupled with, chemical
functionalization that introduces reactive or functional moieties, which compatibilizes the starch for a
particular polymer formulation or application. A popular and effective strategy for achieving high
loadings of starch into polymer latexes at acceptable viscosities has been to severely reduce the amylose
and amylopectin molecular weights.

The use of crystalline and amorphous nanoparticles has recently garnered significant
attention [5,24,26]. SNCs (Starch nano-crystals) are produced by the removal (usually through
hydrolysis) of the amorphous regions of native starch, thus exposing the crystalline platelets (>40%
crystallinity). These nano-crystals are typically <100 nm in size, degrade at 251 ◦C and have a
broad distribution of viscosity in solution. SNPs (Starch nano-particles), on the other hand, are more
amorphous particles where the crystalline regions have been destroyed (<40% crystallinity), typically
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by mechanical treatment. Regenerated starch nanoparticles (RSNPs) are near completely amorphous
(96–98%) due to treatment via extrusion [5]. These amorphous nano-particles range between
100–500 nm, degrade at 285–294 ◦C and produce a lower viscosity in solution than native starch.

Table 1. Summary of some starch physical and chemical modification pathways.

Method Pathways Primary Modificationa Product

Physical

Mechanical extrusion [67] Heat treatment and
mechanical work Molecular weight Amorphous pre-gelatinized starch

Microfluidization [68] / / SNPb

Electric field [69] / Crystallinity Amorphous pre-gelatinized starch

High pressure [70,71]

Hydrostatic processing

Crystallinity Amorphous gelatinized starchSupercritical medium
Homogenization
Microfluidization

Irradiation [14,69]

UV

Molecular weight Lower molecular weight starchλ

γ

Microwave

Ball milling [72] / Crystallinity
Particle size

Amorphous partially gelatinized
starch granules

Ultrasonication [73] 24kHz treatment of
starch aqueous solution Crystallinity Partially amorphous starch granules

Microwave [74] Treatment of starch paste Crystallinity Partially amorphous starch granules
Thermal degradation [75] Treatment of dried starch Molecular weight Lower molecular weight starch

Re-crystallization [76] Hydrothermal Crystallinity Crystalline “resistant” starch
Heat-moisture treatment SNCc

Chemical

Acid Hydrolysis [77] Acid Crystallinity
Branching

SNC
Debranched starch

Emulsion precipitation
Butanol complexing

co-crystallization [78] Crystallinity SNC

Non-solvent
precipitation

crosslinking [79]
Degree of crosslinking SNP

Reactive extrusion [80] Water-phase crosslinking
Crystallinity

Molecular weight
Crosslink density

SNP

Alkaline Treatment [72] NaOH Molecular weight Low amylose content, lower
molecular weight starch

Enzymatic

Hydrolysis [81] Enzymatic Crystallinity
Branching

SNC
Debranched starch

Re-crystallization [76] Enzymatic/melt/crystallization Crystallinity SNC
a Particle size is reduced in all methods. b Starch nano-particle (SNP): mostly amorphous, in some cases completely
so. c Starch nano-crystal (SNC): mostly crystalline, with the amorphous regions degraded and removed to
differing degrees.

3.3. Functionalization

Modification of starch has been performed through functionalization by small molecule chemistry
(addition of moieties) or by “grafting from” or “grafting to” approaches. The abundance of hydroxyl
groups, the reactivity of which is C-6 > C-2 > C-3 [82], provide sites for addition (the likelihood
of each hydroxyl to be functionalized also depends on the specific reaction mechanism). However,
certain mechanisms allow for the formation of a bond directly to one of the carbons on the starch
backbone. Because of its hydrophilicity, starch typically requires hydrophobization or functionalization
to become compatible or reactive with hydrophobic synthetic polymers [59]. The literature provides
examples of starch modified by small molecule chemistry with a wide variety of moieties (Figures 4–6),
including anhydrides [13,16,61,83–85], esters [16,61,82,83], ethers [16,61,82] and other cationic and
anionic functional groups [59,61,82,83,86,87].

29



Processes 2019, 7, 140

 
Figure 4. Some examples of starch modification by small molecule chemistry.

 
Figure 5. Example of anionic functionalized starch.

 
Figure 6. Example of cationic functionalized starch.

4. Measuring Grafting Performance

To determine the extent of grafting and the effect of varying formulations and procedures in
achieving the desired particle morphology and composition, there are five types of results that are
typically sought (Table 2). After graft polymerization has finished, most analytical methods use solvent

30



Processes 2019, 7, 140

extraction to separate homopolymer and/or unreacted starch from the graft polymer prior to analysis.
Grafting performance can be expressed by grafting efficiency (Equation (1)), percent grafting through
add-on (Equation (2)) or ratio (Equation (3)) or the molecular weight of the grafts (Equation (4)).
In cases where the incorporation (embedding) of starch in the synthetic polymer matrix is desired,
performance may be reported as the wt.% of starch that cannot be removed from the graft polymer
by washing with polar solvent. Incorporation wt.% does not imply grafting but rather the success
of the polymerization in removing starch from the continuous water phase and into the synthetic
polymer solids. Encapsulation describes a near completely covered starch particle, where a core-shell
morphology exists with the starch in the core.

Table 2. Summary of measurements for grafting performance.

Variable/Characteristic Results Extraction Methods Analysis Methods

Grafting efficiency wt.% of grafted polymer in total
formulation

Soxhlet extraction

Centrifugal solvent
extraction

Hydrolysis

FTIR
13C-NMR
1H-NMR

Gravimetry

Percent Grafting
(Ratio)

wt.% ratio of synthetic grafts to the
starch to which they are bonded

Percent Grafting
(Add-on)

wt.% of synthetic polymer in total
grafted polymer

Homopolymerization
ratio

wt.% of synthetic monomer that
resulted only in homopolymer

Molecular weight of
grafts

Weight or number average g/mol of
the grafted synthetic polymer chains

Enzyme or acid hydrolysis
of starch within extracted
graft polymer will release

the grafted synthetic chains

GPC

Grafting ratio (GR) = (weight of synthetic polymer / weight of starch) × 100 (1)

Add-on (AO) = (weight of synthetic polymer grafted / total weight of grafted polymer) × 100 (2)

Grafting efficiency (GE) = weight of grafted polymer / (weight of grafted polymer +

weight of homopolymer) × 100
(3)

AGU/graft = Mn of grafted polymer × (wt.% of starch in graft copolymer / wt.% of

grafted polymer) × (MW of repeat unit)−1 (4)

Depending on the desired measure of performance for including starch in an emulsion
polymerization, either the unreacted starch or ungrafted synthetic polymer will need to be separated
for analysis of the remaining graft polymer. In some instances, both will need to be removed. Either
can be achieved by solvent extraction, assuming that an appropriate solvent or non-solvent can be
identified. Centrifugation is often used to improve separation and is combined with washing of
the dried centrifugation precipitate with the same solvent or with a final separation step with a
starch non-solvent such as methanol. A Soxhlet extractor is commonly used to separate a mixture of
hydrophobically opposite components. In all procedures used to isolate the grafted polymers, there
will always be a portion of the grafts that are removed in the separation stage. Some grafts contain
mostly starch and are not sufficiently modified (hydrophobic) to separate out with the bulk of the
synthetic polymer. Additionally, the presence of hydrophilic polymer (dependent on the formulation)
in the decanted solvent can affect gravimetric calculations. In all cases however, the percentage of
starch in the final extracted graft polymer compared to the solvent will be underestimated, meaning
final results can be considered as a minimum level of performance.

NMR can be used to determine the presence of synthetic grafts or functionality on starch by
identifying either the decrease in starch hydroxyl or backbone hydrogen atoms or the presence of
synthetic hydrogen or carbon atoms. Solid state 13C-NMR and 1H-NMR do not typically reveal high
resolution spectra and it is recommended using cross polarized magic angle spinning (CP-MAS).
The use of IR to determine grafting in an unpurified latex has limitations as homopolymer and
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unreacted starch will appear on the resulting spectra [88]. In-line IR analysis to track the change in
starch hydroxyl or backbone hydrogens in an emulsion polymerization can yield extremely useful
information relating to the rate of grafting and reaction kinetics. Gravimetric methods such as
centrifugation, precipitation and solvent extraction can be used to separate the starch graft polymer
from either the unreacted starch or the synthetic homopolymer, providing quantitative results on
grafting performance.

4.1. Characterization of Polymer Products

Once the synthetic homopolymer or unreacted starch is separated from the graft polymer, any of
the three samples can be characterized (Table 3).

Table 3. Common characterization methods for each component of a starch graft polymer.

Sample Type Characteristic Method Typical Goal of Study

Graft polymer

Composition Gravimetry
IR/NMR Achieve target grafting performance

or create a new hybrid
starch-synthetic particle.

Morphology (cryo)TEM/SEM
Crystallinity XRD

Degree of substitution
(max of 3.0)

Titration
Elemental analysis

1H-NMR
TGA-IR

MW of grafted chains GPC

Homopolymer Molecular weight
Degree of branching

GPC
HPLC

Effect of reaction variables,
formulation or procedure on

kinetics of homopolymerization in
the presence of starch.

Unreacted starch

Morphology
Crystallinity

Particle size/density
Molecular weight

TEM/SEM
XRD

Flow fractionation DLS
GPC

Effect of reaction variables,
formulation or procedure on

structure of starch in the presence of
initiator and vinyl monomer.

XPS and elemental analysis are alternative methods to NMR and IR to identify and quantify
the concentration of chemical bonds and specific functional groups, respectively. Although strongly
affected by the properties of the reaction medium (e.g., turbidity), Raman spectroscopy can be used
in-line to monitor the signal of a particular bond, similar to in-line FTIR. The location of particles
within an emulsion can be observed in-line by confocal laser scanning microscopy (CLSM). Care must
be taken in the preparation of starch based samples for TEM/SEM as the water soluble starches can
settle on the latex particles during evaporation and create misleading artefacts [89]. The changes in
crystallinity of starch towards that of the synthetic polymer or vice versa, provides strong evidence
of grafting [43,90–93]. The molecular weight of the synthetic polymer grafts can inform us about the
effect of reaction conditions and monomer composition on grafting kinetics and can be determined by
GPC. The branching of grafted polymer chains decreases the mobility of the grafted polymer, imparts
inhibition of the movement of small molecules towards the backbone of the starch and affects the
organization of the polymer molecules (e.g., retrogradation). Various methods including 1H-NMR
and 13C-NMR [94–96], HPLC [97] and GPC [98] techniques have been used to quantify the degree
or extent of branching of polymers. Asymmetric flow field-flow fractionation, coupled with a DLS
device, can quantifiably detect both synthetic latex particles and more swollen and transparent starch
particles by first separating them by size prior to sending them to a detector. Other methods used to
determine the particle size of grafted polymers include hydrodynamic chromatography (HDC) using
a PSD analyser [99], dynamic image analysis (particles in the micron range) and disc centrifugation
(>75 nm). The use of DLS exclusively is not recommended due to the high degree of swelling of some
starch particles, giving them a refractive index similar to water. Differential centrifugal sedimentation
can be applied to measure the density of nanoparticles when the particle size is known from one of
these methods.
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4.2. Implicit Proof of Grafting

The characterization methods described previously allow for explicit analysis of grafting
performance. To explain the effect of a grafting performance on a particular final property, additional
characterization is often undertaken on the latexes or dried films/resin (Tables 4 and 5). Unless
otherwise stated, information in this section is taken from the thesis by Cummings [89].

Table 4. Summary of characterization methods for determination of latex properties.

Characteristic Analysis Method

Viscosity Viscometry
Particle size Asymmetric flow field-flow fractionation coupled with DLS

Birefringence Angle dependent optical reflectometry
pH Electrical potential

Conductivity
Zeta Potential Electrophoretic light-scattering

Film formation Minimum film formation temperature (MFFT)
Visual

Shelf life Visual
Grit Gravimetry

Table 5. Summary of characterization methods for determination of film properties.

Characteristic Analysis Method

Hydrophobicity Contact angle
Adhesive Properties Tack, peel and shear

Opacity Spectrophotometry
Water whitening Spectrophotometry

Gel content Solvent swelling, extraction, gravimetry
Solubility Solvent swelling, extraction, gravimetry

Tensile strength Instron tensile strength
Elasticity

Water/oxygen barrier Water and oxygen permeation
Glass transition temperature

DSCMelting temperature
Thermal stability TGA
Biodegradability Enzyme, culture, composting

4.2.1. Latex Properties

Viscosity is typically increased by the presence of starch in the aqueous phase of polymer latex and
in some cases can cause coagulation. Even in cases where the starch is not completely encapsulated by
the synthetic polymer, latex viscosity (100–1000 cp) can be similar to standard formulations. Molecular
weight reduction methods have served to decrease the viscosity of starch dispersions [100–102].
Although high viscosity can persist after functionalization and grafting, it is possible to reduce the
viscosity by reducing the likelihood of retrogradation, hydrogen bonding and persistent water soluble
starches. Crystalline regions of starch contribute to its birefringence properties, which could be
weakened or eliminated by deformation and modification [103–105]. Starch loaded latex can still
exhibit birefringence in the form of blue or green hues upon cooling to room temperature. Due to the
abundance of hydroxyl groups on starch molecules, the pH of the water phase can cause or prevent
deprotonation, as well as alter the speed at which granules gelatinize or particles disperse. Although
modified starches can exhibit strong zeta potential, a much smaller value is seen with starch-synthetic
hybrid latexes. Although this should cause instability, the superior steric stabilization properties of
starch prevent this [99,106,107]. The homogeneity of films formed from polymer latex containing starch
is a key indicator for the presence of water phase compounds and the compatibility of the latex with
the substrate. The increased viscosity and hydrogen bonding potential of starch loaded latexes can
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improve film formation (depending on the substrate), while any exposed starch once the film is dried
can alter the composites sensitivity to humidity and temperature. The long term stability of latexes,
also known as the shelf life, is affected both by the electrostatic or steric stability of the individual
latex particles, as well as the presence of destabilizing or phase separation inducing molecules in the
water phase. Starch loaded latex carry the risk of destabilization and phase separation in the cases of
retrogradation or persistent non-grafted (hydrophilic) water soluble starch. The presence of grit (large
impurities in the final latex) can indicate poor dispersion of the added starch particles/molecules,
the burning of the starch due to accumulation on reactor walls or the general coagulation of ungrafted
and unreacted starch material.

4.2.2. Film Properties

Even at high levels of incorporation, the presence of small amounts of non-grafted starch on the
surface of a polymer film will make it more hydrophilic and increase the contact angle with water
droplets. Generally, starch will reduce the adhesive properties of polymer films, especially in dry
environments, however shear strength typically increases due to the rigidity, hydrogen bonding and
potential crosslinking effect of starch particles. Since the degree of water whitening is dependent
on the polarity of the polymer and the diffusivity of water through the matrix, this characteristic
can be affected by the presence of starch [108]. The hydrophilicity of starch and the hydrophobicity
of the synthetic polymer, combined with crosslinking that may occur during polymerization and
intermolecular interactions (hydrogen bonding), all affect the gel and soluble content of the final graft
polymer [109]. Starch content increases the polymer film’s sensitivity to humidity and polar plasticizers,
all of which reduce the tensile strength. In dry environments, the loading of starch in synthetic polymer
formulations tends to increase the tensile strength [41,76,110,111]. Starch is hygroscopic and therefore
SNPs do not naturally have good moisture barrier properties. SNCs however, due to their crystalline
structure, impart much better moisture and gas barrier properties to polymer composites, as long
as deformation of gelatinization of the crystalline regions does not occur. In general, starch has
extremely good oxygen barrier properties under low moisture conditions [5,64,76]. The precise
functionalization, synthetic graft polymer formulation and final composite particle morphology all
have a large effect on final film barrier properties. Starch grafted polymers exhibit a change in
Tg towards that of native starch, except in cases where the synthetic polymer can plasticize and
disrupt the structural hydrogen bonding of the starch chains [15,88]. In some cases, the Tg remains
unaffected by synthetic grafts and in others (where grafting is low) two transitions are observed
(synthetic polymer and starch). Typically, starch grafted polymers exhibit thermal stability up to
200–400 ◦C, with the properties of both starch and the synthetic polymer influencing the decomposition
temperature [5,15,75,112,113]. Degradation of a polymer can be photoinduced, thermal, chemical
or biological, while usually beginning with a reduction in molecular weight followed by digestion
by microorganisms. The presence of biodegradable starch in polymer formulations warrants testing
of the final product’s biodegradation potential. Testing typically begins with enzyme and culture
experiments, followed by composting conditions in a reactor [29,31]. Starch is readily biodegradable
and typically serves to increase the biodegradation of synthetic formulations, so long as there is
a mechanism for radiation, water, enzymes and microorganisms to make contact with the starch
chains [114–116].

5. Grafting Mechanisms

Most polymerizations involving starch have been initiated through radical chain mechanisms.
Both native and functionalized starch have been “grafted from” or “grafted to” using polymerization
techniques (Figures 7 and 8) [15]. A “grafting from” approach involves generating a radical on the
starch backbone or hydroxyl groups through a covalently bound initiating group, which subsequently
reacts with a monomer to initiate the growth of a polymer chain. Alternatively, the chain-end of a
pre-formed polymeric/oligomeric radical can react with the starch backbone, hydroxyl groups or other
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added functionality, “grafting to” the starch molecule. Various initiators, monomers and semi-batch
feed strategies have been used to include starch into synthetic polymer latexes [117,118].

Figure 7. Visualization of the “grafting to” and “grafting from” mechanisms. “Grafting to” occurs
when propagating or fully reacted polymer chains bond to the starch chains. “Grafting from” describes
initiator complexing or radical deprotonation of the anhydroglucose repeat unit, which creates a radical
from which monomer can polymerize.

Figure 8. Initiation, propagation, chain transfer and termination mechanisms from the grafting of vinyl
monomer to the starch backbone. Adapted from [119].

Attempts to graft or otherwise incorporate starch into synthetic polymers can be categorized
based on their mechanism of grafting, which is governed by the initiator system employed. Free
radical, controlled/living radical, ring opening and condensation polymerizations have been used
to graft synthetic monomer from a starch [45,66,117]. Various “grafting to” formulations are
prepared via coupling agents, radical coupling, activated esters or acids, acyl halides and reversible
addition-fragmentation chain transfer (RAFT) click chemistry [66].

There are several examples where grafting of starch has been conducted by atom-transfer
radical polymerization (ATRP) and RAFT [117]. ATRP has been used to graft starch to MMA, AA,
2-hydroxyethyl acrylate (HEA) and other monomers mostly in heterogeneous polymerizations in
organic solvents. In some cases, extremely high graft percentages were reported (up to 1800%,
18x more synthetic mass than starch mass in the graft polymer). RAFT has been used to graft VAc
to acid-functionalized, esterified and other starches. Both ATRP and RAFT have the advantages of
producing very low amounts of homopolymer while offering control of the molecular weights of the
synthetic graft chains [117].

Starch hydroxyl groups can initiate ROP of cyclic esters such as lactones and lactides in the
presence of a catalyst (metal, anionic, basic organocatalysis, ionic liquid) [45,66]. Polycondensation
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polymerizations are stepwise reactions between bifunctional or polyfunctional monomers with
liberation of small molecules such as water and have been used to graft starch [66,120,121].

Grafting via free radical polymerization occurs by hydrogen abstraction from starch to
an initiator-derived radical, propagation of the starch macroinitiator with vinyl monomers
and termination of the graft chains by either an initiator-derived radical, starch coupling or
disproportionation. Hydrogen abstraction can either occur with the C-H on the starch backbone
or from the hydroxyl groups. Unless initiation is taking place through complexation of starch with the
initiating species, it is possible that both types of hydrogen abstraction could occur. Initiator-derived
radicals can also directly initiate polymerization, resulting in the production of homopolymer in
addition to graft polymer. In the case of persulfates, the grafting efficiency (GE) with starch is often
low [66]. Examples of exceptions to this low efficiency are styrene and acrylic acid grafting, where the
hydrophilicity of acrylic acid gives higher compatibility with starch and the slower polymerization
reaction rate of styrene favours grafting. Ferric initiators gives slightly better grafting efficiencies but is
generally lower then cerium ion initiators [66]. Ceric and persulfate initiators are the most widely used
for starch grafting and while persulfates typically result in large proportions of homopolymer, ceric
initiation produces the best GE, capable of reaching 85–100% with acrylonitrile, acrylamide, methyl
methacrylate and styrene [32,45,66]. The molecular weight of graft chains from all methods are found
to be in the range of 1–13.5 × 105 g/mol [66]. A common trend with grafting performance (GE and GP)
has been a parabolic dependence on polymerization parameters leading to a maximum or optimum
condition. An observed decrease in GE beyond a maximum temperature is most likely caused by chain
transfer and increased termination of graft chains and with reaction time because of increased local
viscosity and polymer concentration around the starch molecules.

The most common types of free radical initiators used to graft synthetic material from starch in
emulsion polymerizations can be categorized into how decomposition to produce radicals is induced;
thermal decomposition (persulfate, azo), redox (ferrous/peroxide, thiosulfate/persulfate, ceric
ion/acid, manganese/acid) or irradiation. The species resulting from the decomposition of persulfate,
ferrous and photo initiators typically produce radicals by abstraction of the C2 or C3 hydrogen or a
hydroxyl hydrogen, while those deriving from manganese and cerium initiators produce a radical
typically by forming a complex with the anhydroglucose unit (Figure 9). A summary of grafting
results from starch with each initiator is presented below (Table 6). Preference is given to emulsion
polymerization mechanisms, unless studies are limited, in which case applicable cases from solution
polymerizations are presented. For emulsion polymerizations, a variety of synthetic surfactants have
been employed, including those that are non-ionic, cationic and anionic. Unless otherwise reported,
GE is similar between studies when comparing other grafting performance variables.

 
Figure 9. Mechanisms for initiation of starch graft polymerization.
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Table 6. Summary of grafting results for different initiation methods in starch graft polymerization.

Initiator
Maximum Grafting

Efficiency (%)
Maximum Percentage

Graftinga (%)
Monomers

Persulfate

Solution
64 30 Acrylic acid (AA) [122]
9 GR = 17 Vinyl acetate (VAc) [123]
84 AO = 60 GR = 150 Acrylamide (AM)/itaconic acid (IA) [124]
69 - Methyl methacrylate (MMA) [125]
65 - Ethyl methacrylate (EMA) [125]
60 - Butyl methacrylate (BMA) [125]
79 84 Butyl acrylate (BA)/VAc [126]

Emulsion
37–74 104–301 BA/St [88,100,127]

- - 2-ethylhexyl acrylate (EHA) [101,128]
- - Methacrylic acid (MAA) [101]

68 49 BA [102,128]
- - AA [101,128]
- - BMA [129–131]

59–60 PG = 60, GR = 57 Styrene (St) [43,132,133]
- - MMA [134,135]
- 350 BA/MMA/diacetone acrylamide (DAAM) [136]
- - BA/MMA/AA/ethyl acrylate (EA) [90]

52 - VAc [137]
- - EA [135]

AIBN
(Azobisisobutyronitrile)

Solution
- - Acrylonitrile (AN) [138]
5 24 VAc [139]
8 73 MMA [140]
57 27 AA [122]

Emulsion
- - St [141]

Thiosulfate + persulfate

Solution
99 - N-Methylol acrylamide (NMA) [142]
- - BA [143]

86 - Methyl acrylate (MA)/NMA [142]
68 - MA [142]
- GR = 30 MAA [144,145]

41 - VAc [137]
Emulsion

- - -

Ceric

Solution
- GR = 42 AN [146–148]

99 50 Glycidyl methacrylate (GMA) [149]
69 10 BA [150]

65–95 75–110 MMA [151–153]
- - MA [154]
- - EA [154]
- - MAA [154]

33 - N-tert-butyl acrylamide (BAM) [155]
81 GR = 162 AM [156,157]
37 20 VAc [123]

Emulsion
- - AN/isoprene [158]
- AO = 45 MA [159]

65 - MMA [160]

Manganese

Solution
96 AO = 45−49 AN [21,22,161,162]

8.5−100 GR = 120 AO = 36−253 MMA [23,93,99,163–165]
59 AO = 19 AM [165]
<9 AO = 38 VAc [166]
- - AA [111]

Emulsion
30−50 - St/AN [167]
30−50 - St/EA [167]

77 52 St/MMA [168]
90 200 St [167,169]
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Table 6. Cont.

Initiator
Maximum Grafting

Efficiency (%)
Maximum Percentage

Graftinga (%)
Monomers

Ferrous

Solution
96 - AN [138]
98 AO = 54 MMA [138]
85 - MA [170]
85 AO = 20 MAA [171]
53 AO = 18 DMAEMA/AM [172]
44 17 AA [173]
49 35 St/BA [34]
44 20 St/MMA [34]

Emulsion
36 59 St/BA [91]

Photoinitiator

Solution
- 260 MMA [174]
- 190 AN [174]
- 30 St [174]

72 91−907 AM [174–176]
- ~350 AA [174]
- 420 MAA [174]

Emulsion
13 - Styrene [177]
81 - BA [177]
30 - MMA [178]

Irradiation

Solution
- 135 MA [179]

>99 158−243 AA [180,181]
~85 200 AM [182]

Emulsion
- - -

a If not specified as add-on (AO) or grafting ratio (GR), values were reported in the article as “percent grafting (PG),”
which usually represents the grafting ratio.

5.1. Persulfates

Sulphate radicals generated from ammonium persulfate (APS), potassium persulfate (KPS) or
a thiosulfate/persulfate redox pair, have been used for the grafting of starch with vinyl monomers
according to a “grafting from” mechanism through abstraction of the CH or OH hydrogen of the
anhydroglucose unit (Figure 10). The hydrogen is abstracted either by a sulphate or hydroxyl radical
and the formed starch radical provides a site for vinyl monomer addition and propagation. Grafting
efficiency is limited with persulfate initiation relative to other more selective methods due to the
favourability of homopolymerization of the synthetic monomer over radical formation on the starch
anhydroglucose repeat unit.

Figure 10. Mechanism of vinyl monomer “grafting from” starch by persulfate initiation. Adapted
from [15].
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Graft polymerizations of acrylic acid onto hydrolysed starch in solution produced higher PG and
GE than identical reactions with AIBN and benzoyl peroxide, presumably due to lower overall reaction
rate and thus less homopolymerization [122]. An induction time for grafting was generally observed
in grafting polymerizations with KPS, while overall conversion induction time increased with higher
starch content. Grafting of VAc onto granular and gelatinized starch exhibited a larger induction time
than ceric ammonium nitrate (CAN) due to lack of selectivity of KPS towards hydrogen abstraction
from starch. KPS served to add stability when using granular starch due to the addition of charged
sulphate groups on the starch surface, since non-gelatinized native starch does not exhibit colloidal
stability. A mechanism was proposed for KPS initiation where homopolymerization dominated
the beginning of the reaction, at which point chain transfer from polymer radicals initiated graft
polymerization on the starch molecules. The VAc polymer would eventually embed itself into the core
of the graft polymer while the starch provided stabilization. Increase in starch:monomer ratio served
to decrease all grafting performance as well as overall conversion [123,124,136].

Increased homopolymerization, termination of grafted polymeric chains or chain transfer to
monomer above 60 ◦C decreased GE significantly in emulsion polymerizations. An increase in large
moieties that cause steric hindrance also decreased GE [125]. Generally GE followed a parabolic trend
with time caused by generation and then depletion of starch radicals [126]. A parabolic trend was also
seen between GE and initiator concentration [126].

Several methods can be employed to enhance the grafting performance of emulsion polymerization
with KPS. Pre-treatment (mixing of starch and KPS in solution prior to polymerization) increased GP
and GE due to the increased formation of radicals on the starch molecules as well as a decrease in
molecular weight [100,127]. The induction time often seen with persulfate initiators can be reduced
with a pre-treatment [102]. A reduction in viscosity was also observed when starch molecular weight
was reduced, either via pre-polymerization or in situ. This at times meant the difference between
stability and coagulation [101,106]. Alternatively, hydrophobization of starch at any molecular weight
increased GE [137]. Gelatinized starch, whether functionalized or not, exhibited stabilization properties
and was able to be grafted with several monomers in the absence of surfactant [127,128]. Native and
hydrophobized SNPs and SNCs also exhibited excellent stabilization properties in batch emulsion
polymerizations [43,129–132]. In the presence or absence of synthetic surfactant, starch overwhelmingly
resided on the surface of the final latex particles, thermodynamically favouring the polar water
molecules. It is believed that starch provided stabilization as well as radical grafting sites [135].
Styrene/BA was grafted to gelatinized oxidized cassava starch where it was found that the impact of
variables on GE in ascending order was initiator < monomer < temperature < starch, with a maximum
efficiency of 42% and on PG was starch < initiator < temperature < monomer, with a maximum
value of 301% [88]. More recently, a seeded semi-batch emulsion polymerization was conducted
to prepare pressure sensitive adhesives using BA, MMA and AA. SNPs were first crosslinked with
sodium trimetaphosphate (STMP), then functionalized with a sugar-based monomer (vinyl group)
and finally reacted with butyl vinyl ether (BVE) to add hydrophobization. After in situ modification,
the SNP hybrid particles were grafted with the primary monomer feed and KPS initiator, resulting in a
core-shell latex particle with the starch completely encapsulated [183].

Enhancement by ultrasound irradiation served to increase the diffusion and collisions between
starch, initiator and monomer during polymerization, increasing grafting [102]. Persulfates can
also be combined with thiosulfate in a redox pair initiating system to produce generally high GE
(>40%) [137,142–145]. Alternatively, a potassium persulfate/amine redox system or a dual initiator
system such as with benzoyl peroxide or acetone sodium bisulphate can be conducted at comparable
grafting efficiencies to KPS alone [184–186]. Persulfates are commonly used to graft synthetic
monomers to starches in emulsion polymerization. While selectivity towards starch continues to
limit GE and reaction rate, the above mentioned strategies have worked around this issue to produce
useful latexes with starch content.
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5.2. Ceric ions

Ceric ions (Ce (IV)) produced from ceric ammonium nitrate and ceric ammonium sulphate can
be used to produce starch grafted latexes with high GE relative to other free radical methods [15].
The mechanism of ceric ion initiation is such that the ions form a complex with either the C6 carbon,
C6 oxygen, C2-C3 glycol or the C1 hemiacetal at the reducing end of the starch chains (Figure 11) [15].
The most probable grafting site is the C2-C3 glycol [187,188]. The complex then decomposes by
abstracting a hydrogen or through the ring opening of the anhydroglucose unit, resulting in a Ce (III)
ion and a radical on the starch backbone. Less likely is the chain cleaving mechanism, where the Ce (IV)
ion forms a radical on the C1 carbon or the adjacent oxygen from the ether group on a non-reducing
end anhydroglucose unit (Figure 12) [32]. Alternatively, a reducing agent other than starch can be used
to initiate vinyl monomer polymerization, such as a thiol, glycol, aldehyde or alcohol. Latex formed by
the use of heavy metal initiators such as cerium may have a coloured hue.

Figure 11. Possible mechanisms of Ceric ion initiation of starch. Adapted from [188].

Figure 12. Ceric ion initiation of C1 hemiacetal at reducing end of starch chain. Adapted from [187].

The advantage of using Ce (IV) ions is that they do not react directly with vinyl groups on
monomers, avoiding or greatly limiting the amount of homopolymer produced and, consequently,
achieving high GE. Homopolymer can still be formed, however, for example through chain transfer
to monomer or polymer. A disadvantage of this type of initiator in aqueous media is that an acid is
often required to avoid hydrolysis of cerium ammonium nitrate to [Ce-O-Ce]6+, which has little to no
reactivity [15].

When using ceric initiator to graft AN to granular wheat starch, gelatinization had no effect on
grafting performance. This is contrary to the effect of gelatinization in KPS systems, most likely due
to the greater need for diffusion of monomer and initiator into the starch matrix for an initiator with
low selectivity [147,148]. A “depleted initiator” method was employed with an MMA system where
Ce4+ that was not adsorbed to starch was removed. This led to higher grafting efficiencies than the
usual continuous method [153]. When AM and N,N’-methylene-bisacrylamide (MBA) were grafted
to gelatinized starches of varying amylose content, GE, AO and PG were highest with 50% amylose
content and lowest with waxy starch (very low amylose %). It was thought that this occurred due
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to the more complete gelatinization of starches with higher amylose content compared to those with
less, which require a higher cooking temperature. Additionally, the branched nature of the higher
molecular weight amylopectin reduced the diffusivity and mobility of the polymer chains, resulting in
higher viscosity and resistant chain growth [156].

In emulsion polymerizations, if a monomer is desired that does not react with starch
(e.g., isoprene) it can be combined with a monomer that does readily graft in order to incorporate the
unreactive monomer into the graft polymer. Gugliemelli et al. used this approach to prepare poly
(isoprene-co-acrylonitrile) starch grafts for vulcanized rubber, while studying the effect of monomer
ratio and other reaction variables on grafting performance. A disadvantage of this approach is that the
unreactive monomer may retard the grafting rate and subsequently the overall polymerization rate
(depending on the initiator system employed) [158].

A seeded emulsion polymerization strategy was used with a PMMA latex seed that was
subsequently swelled with MMA and semi-batch fed CAN with DTAB surfactant in the presence
of oligosaccharides (low molecular weight polysaccharides from enzymatically degraded starch).
BA and styrene were sufficiently hydrophobic to make the oligosaccharides amphiphilic with only
a few monomer units. Due to this hydrophobicity, there was not a high enough concentration of
BA or styrene in the aqueous phase to give a high rate of propagation with the hydrophilic initiator.
Coagulum was far lower when MMA was used (1.5%) compared to BA and styrene (20%). The reason
given was that the oligosaccharides were grafted with MMA until they became sufficiently surface
active to adsorb onto the monomer swollen latex particles, after which the PMMA portion of the
graft polymer continued to polymerize inside the particle [99]. Debranched cationic starch was
grafted to: (1) pre-synthesized and monomer swollen poly (MMA) particles (GE = 8.5%); (2) MMA
monomer in an emulsion polymerization (GE = 24%), and; (3) MMA monomer in the presence of poly
(N-isopropylacrylamide). The second feed strategy led to slow particle nucleation and hence a broad
particle distribution and low GE [160].

Ozonolyzed amylopectin was grafted with cerium and persulfate/glucose for enhanced activity.
Seeded polymer particles were stabilized by the amylopectin and the polymerization continued,
where growing latex particles formed within the amylopectin scaffold, which underwent controlled
coalescence. The adsorbed amylopectin remained partly exposed, leaving stabilizing chains on the
particle surface. A unique use of energy-dispersive spectroscopy (EDS) showed the presence of starch
throughout the latex particle, essentially confirming near complete encapsulation [189,190]. Another
effective dual initiation system with ceric ions and KPS was used to graft semi-batch fed AM to a
DADMAC and gelatinized starch batch charge. GE was 89% while PG was 173%. Higher monomer
concentration increased PG to a limit, beyond which radical transfer from starch macroradicals to
monomer may have increased, causing a decreased grafting rate. The coupled initiator system was
more effective than either initiator alone due to the KPS regenerating depleted Ce3+ ions back into
Ce4+ ions that could further initiate radicals on starch [65].

Due to its preference for starch radical formation over monomer initiation, high GE can be
achieved with ceric initiators through relatively straightforward strategies [32,149,151–153]. Since
homopolymerization is not a great concern, focus can be given to optimizing the interaction of starch,
monomer and surfactant. Ceric initiators are optimal for attempting to encapsulate starch within
latex particles due to the isolation of polymerization to the starch backbone rather than the grafting
reaction competing with water phase or micellar polymerization. Starch can be grafted in the aqueous
phase until hydrophobic enough to adsorb onto nucleating polymer particles, increasing the chances
of incorporation [99].

5.3. Manganic ions

Manganese initiation using manganic (Mn4+) pyrophosphate or potassium permanganate (Mn3+)
most likely proceeds either by reaction with an acid (e.g., oxalic, sulphuric) to form a radical species,
which abstracts a hydrogen from the starch hydroxyl groups (Figure 13) or by the formation of a
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complex with the starch similar to that of ceric initiators, followed by hydrogen abstraction and radical
formation on the starch backbone (Figure 14) [15,32,187].

Figure 13. Radical generation in a potassium permanganate and sulphuric acid system. Adapted
from [15].

Figure 14. Direct radical formation of manganese initiators and starch. Adapted from [15].

The rate determining step of manganic grafting of monomer to starch was found to be the cleaving
of the glycol group of the anhydroglucose repeat unit, which was dependent on the pyrophosphate
and Mn3+ concentration, acidity and glycol (crosslinker) concentration [21]. An increase in either acid
concentration or Mn3+ concentration caused a decrease in molecular weight of the grafts, while AO was
parabolically dependent on Mn3+ concentration. The increased number of grafts caused an increase in
monomer conversion [21]. When AN was grafted from gelatinized potato starch, a higher agitation
rate was necessary compared to granular starch due to the higher viscosity of the gel phase and thus
lower GE from diffusion limitations of the monomer and initiator. Monomer conversion (77–84%), AO
(48–49%) and the molecular weight of grafts (33,000–430,000) all increased as the starch pre-treatment
temperature was increased from 30–85 ◦C [22]. Grafting efficiencies were generally higher with AN
than MMA due to increased rates of termination with MMA [23]. When a methanol:water mixture was
used as the solvent, the GE linearly increased to 100% as methanol:water ratio increased to 50:1 (v:v).
This behaviour was attributed to the increased solubility of MMA in methanol [163].

Manganese initiators have been used with styrene binary systems including AN [167], EA [167]
and MMA [168], where the highest performance was observed for pure styrene (GE = 90,
PG = 200) [167,169].

5.4. Iron ions

With a ferrous salt and hydrogen peroxide redox system, a hydroxyl radical is first produced
by the decomposition of hydrogen peroxide by Fe2+ and then a radical is subsequently formed
on the starch backbone by hydrogen abstraction (Figure 15). This initiation system, unlike that
of ceric and manganese initiators, is able to polymerize vinyl monomers using hydroxyl free
radicals [15,34,91,123,137,191].

Figure 15. Fe2+/H2O2 initiation of vinyl monomer or starch. Adapted from [15].

AN was grafted more readily to native starch granules than MMA due to its increased
hydrophilicity [138]. Grafting efficiency increased as peroxide concentration increased, however
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degradation of starch began to occur. Oxidized starch was generally more susceptible to grafting
than native starch [138]. MAA was grafted to granular starch and it was found that at the
termination of the polymerization, the rate of grafting (>85% conversion) was much faster than that
of homopolymerization (~10% conversion). Pre-gelatinized starch achieved only half the conversion
of granular starch. Explanations for this were given as increased intrinsic reactivity of the starch
macroradical, the stability of the propagating free radical species and high local monomer concentration
within the starch granule due to association of MAA with the starch hydroxyls [171]. There was a
negligible effect of increasing Fe2+ concentration above a minimum, with a brownish hue detected
at excess amounts. Longer reaction times are more effective due to added time to homogenize the
polymerization as the grafting reaction happens quickly with ferrous initiator pairs and sometimes
generates regions of heterogeneity [173].

Semi-batch (monomer and hydrogen peroxide feed) surfactant free emulsion polymerization was
used to graft styrene and BA to gelatinized cationic acetylated starch. It was found that conversion
increased with H2O2 concentration as well as increased to a maximum with monomer concentration.
Grafting efficiency and PG had parabolic dependency on H2O2 concentration and while both variables
increased with monomer concentration, GE decreased after a maximum. Grafting efficiency and PG
were 35% and 59% respectively [91].

5.5. AIBN

Azobisisobutyronitrile (AIBN) is a hydrophobic initiator that dissociates into two
2-cyanoprop-2-yl radicals capable of initiating polymerization of vinyl monomers (Figure 16). These
radicals are capable of abstracting hydrogen from a hydroxyl group on the anhydroglucose units, thus
creating a radical on the starch backbone [11,15,122,141,192].

Figure 16. Asobisisobutryonitrile (AIBN) initiation of vinyl monomer or starch. Adapted from [11].

The grafting of AA onto hydrolysed potato starch was conducted using AIBN as initiator in
aqueous solution. Monomer conversion approached 100% as expected but GE and PG were limited to
57% and 27% respectively, due to the high amount of homopolymer produced and lack of grafting
sites produced on the starch molecules [122]. MMA was grafted to gelatinized starch to achieve
PG = 73% and GE = 8% and it was concluded that AIBN radicals were not reactive enough to abstract
a hydrogen from starch. Any grafting that occurred came from “grafting to” of polymeric radicals,
which were available dependent on the concentration of relatively hydrophobic monomer present,
which the radicals were reactive enough to polymerize [140]. Similar observations were made when
grafting VAc at PG = 24% and GE = 5% [139]. A starch-based bromide chain transfer agent was grafted
with AIBN to vinyl acetate via RAFT polymerization for use in biomedical and other applications.
The structure, composition and molecular weight of the grafted polymer was successfully controlled
and well defined [193].

Due to the hydrophobicity of AIBN, it is more suited to mini emulsion or suspension
polymerization than emulsion polymerization [192,194]. A notable exception was the use of OSA-acetic
anhydride (AC) modified SNPs in a seeded emulsion polymerization with styrene. The SNPs were
found to first act as Pickering stabilizers of the styrene but then to transition under higher temperature
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to a core-shell seed with styrene in the core of the starch particle. The polymerization proceeded at the
interphase of the swollen SNP seed, with the AIBN hydrophobic initiator initiating creating oligomer
radicals that would propagate inward to the core of the particles. The results were an apparent
core-shell morphology with most of the starch in the core of the particle [141].

5.6. Other Initiators

Other initiators suitable for grafting from starch include anionic polymerization by
alkoxides, metal complexes such as cobalt or chromium (similar to manganese mechanism),
copper acetylacetonate-trichloroacetic acid, potassium peroxyvanadate, hydrogen peroxide/iron
sulphate/thiourea dioxide, potassium bromate/thiourea dioxide, alkyl hydroperoxide/amino group,
vanadium mercaptosuccinic acid, horseradish peroxidase/hydrogen peroxide/2,4 pentane dione,
ozone and enzymes [15,32,45,66].

The enzyme horseradish peroxidase (HRP), an oxidoreductase catalyst extracted from the roots
of horseradish, has been used on several occasions to perform grafting reactions with starch. BA
(GE = 19%) [195], MA (GE = 45%) [196], AM (GE = 66%) [197] and DMDAAC (GE = 99%) [198],
have all been grafted from starch in solution polymerization in the presence of hydrogen peroxide
as the oxidant and a reductant (e.g., 2,4-pentanedione). Although HRP has been used in emulsion
polymerizations, there is no reported work grafting starch using such an approach [199]. This presents
a worthwhile avenue to be pursued due to the moderate reaction temperatures and high grafting
efficiency associated with HRP, in addition to the fact that it is a bio-catalyst that is renewable.

Benzoyl peroxide was used as the sole initiator for the emulsion polymerization of styrene/maleic
anhydride with crosslinked SNPs and hydroxyethyl cellulose as stabilizers. An inverse emulsion was
first prepared where SNPs were mixed with water in an organic phase consisting of maleic anhydride,
styrene and benzoyl peroxide pre-polymerized to 25% conversion. The SNPs were shown to act as
Pickering stabilizers of the water droplets. Subsequently, the inverse emulsion was transferred to an
aqueous dispersion of hydroxyethyl cellulose, where the cellulose stabilized a region of the organic
media around several smaller SNP stabilized water droplets and the polymerization was continued
to completion. Although grafting performance was not reported, FTIR of the purified starch grafted
polymer was shown as evidence of esterification between hydroxyl groups and maleic anhydride [107].

5.7. Irradiation

Microwave, UV and high energy (gamma and electron) irradiation have become increasingly
popular for grafting synthetic monomer to polysaccharides without the need for additional reagents.
High energy ionizing initiation can occur through: (1) a direct method where monomer and
polysaccharide are simultaneously initiated; (2) a peroxidation method where hydroperoxide or
peroxide functional groups are formed by reaction of the polysaccharide and air, which later form free
radical groups under heat; or (3) a pre-irradiation method where the radiation forms free radicals on the
polysaccharide in an inert atmosphere, prior to being mixed with monomer [200]. It has been found that
high irradiation doses or reaction times can lead to starch degradation [174]. Exposing a photoinitiator
(e.g., dimethoxy-2-phenylacetophenone (DMPA), benzoin methyl ether (BME), benzophenone (BP))
to a certain wavelength of radiation causes generation of a radical that can attack vinyl monomer
or starch [201]. Irradiation methods can also be used to enhance other initiation methods [202,203].
The precise grafting performance and kinetics of each monomer/initiator pair has to be evaluated
separately as their behaviour cannot necessarily be assumed to apply universally [174].

Emulsion polymerization was used to graft styrene, BA and MMA to amylopectin with sodium
dodecylbenzene sulfonate as surfactant [177,178]. Using the direct irradiation method, surfactant,
water, monomer, starch and initiator were mixed and lightly stirred, purged with N2 and subsequently
illuminated. A pre-illumination method was applied where monomer, surfactant and water were
added to an addition funnel and purged to form a pre-emulsion, while the starch dispersion
was illuminated. Subsequently the pre-emulsion was then added to the reaction vessel with the
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pre-illuminated starch dispersion. For the direct method, styrene and BA resulted in 50% and 87.8%
conversion at ~0% and 11.5% GE respectively. Using pre-illumination, styrene and BA yielded
37.5% and 89.1% conversion and 12.5% and 81.4% GE respectively, a significant improvement over
simultaneous illumination. For BA, which has a faster polymerization rate, pre-illumination has a
greater effect on GE due to the higher chance of grafting over homopolymerization when the radicals
are formed only on the starch backbone.

Irradiative initiation methods present clear benefits over other initiators due to good control over
polymerization rate and the potential for radical formation on the starch backbone without the need
for addition of potentially harmful chemicals such as initiator, heavy metal salts and acids. So long as
degradation is avoided, irradiation can be combined with other initiation methods to enhance GE.

6. Strategies for Starch Incorporation in Emulsion Polymerization

From the numerous studies described above, certain conclusions can be drawn regarding
latex formulations and strategies as well as the dependence of grafting performance variables on
various reaction parameters. These strategies are summarized below as a guide for using starches in
emulsion polymerization.

6.1. Initiator

The appropriate choice of initiator depends on the constraints of a particular system with regard
to industrial scalability and final product specifications (mostly GE and PG). Persulfates are the most
widely used initiators in industry and there is abundant experience in handling and using these
initiators in emulsion polymerizations. If homopolymer formation is not of concern, this is the clear
direction to pursue [45]. Ceric initiators can be active at room temperature, do not polymerize vinyl
monomers directly and are nearly completely selective towards starch initiation [66]. The need for
acid in the polymerization and the presence of heavy metals and colour in the final product may be
deterrents for its use [15]. Synergistic effects of multiple initiator systems can be attractive and some
creativity in feed strategy can limit the need for a high concentration of heavy metal initiators while
achieving improved grafting performance over persulfates alone [65,202,204,205]. The combination of
irradiation with persulfate or ceric initiators can more than double the GE [203]. In the case where
an initiator can initiate homopolymerization, a pre-treatment step where initiator and starch mix is
able to generate starch macroradicals prior to the addition of monomer, as well as reduce the starch
molecular weight, which can assist in increasing GE [100,102]. An alternative strategy is to modify the
starch through small molecule chemistry to add covalently bonded vinyl groups that can participate in
initiation [183,206,207]. These vinyl groups must be incapable of reacting with each other (e.g., maleic
anhydrides) or else microgel networks of starch particles will form, while they must readily react with
the monomer formulation chosen [89,189].

Although degradation can be caused by prolonged reaction times or irradiation strength,
radiation initiation provides a simple method for graft polymerization, provided one has access
to the appropriate equipment at scale [174,179]. The degradation of starch by any initiating method
can result in lower molecular weight starch radicals, which may improve grafting and lower viscosity.
This degradation could also increase the amount of soluble starch that migrates to the water phase,
which may derail attempts at achieving a particular final latex particle morphology or stability (such
as the degradation of initially well-defined SNPs or SNCs).

The type of initiator used can be expected to have an effect on the properties of the final latex
(e.g., viscosity) due to differences in initiation and subsequently, on nucleation mechanisms, amount of
homopolymer and water phase polymer, degradation of starch and grafting performance. Generally,
the effect of temperature on GE is universally parabolic with the efficiency increasing with temperature
due to increased radicals being created on the starch molecules, with subsequent decreases due to
higher rates of termination and chain transfer reactions. A similar trend can be expected with reaction
time due to consumption of monomer and initiator as well as diffusion limits from longer grafted
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chains, preventing reaction components from contacting the starch. The temperature of a reaction
should be high enough to initiate radical formation but not so high as to produce excess homopolymer
formation [125]. Several kinetic models have been prepared for specific systems [32]. One should recall
that if the initiator, monomer or starch type change, model parameters will need to be recalculated.

6.2. Monomer

Choice of monomer is made by matching the resulting polymer to the properties of the desired
product. The glass transition temperature, mechanical and surface properties and functionality
of moieties of the final product are among determining factors when selecting the appropriate
monomer (s). In cases of starch grafted polymers, additional attention must be paid to the interaction of
the monomer (and resulting polymer) and starch molecules, perhaps the most important compatibility
issue when targeting a particular particle morphology or level of grafting performance. Monomer
hydrophilicity and reactivity are the primary factors defining this interaction. If a monomer is too
hydrophilic it may cause excess water phase homopolymer formation, while extreme hydrophobicity
may reduce contact between the monomer and hydrophilic starch. A way around this issue is to
functionalize the starch with hydrophobic groups prior to polymerization, although this could add
undesired steps to an industrial process and reduce the overall mass of bio-sourced material in the
starch pre-cursor material [129,130].

If monomers are required that do not readily graft with starch, they can be coupled with initiating
monomers, although this tends to increase the induction time common with certain initiators (such
as persulfates), as well as decrease the overall reaction rate [158]. Monomers with sterically hindered
vinyl groups can affect reactivity with starch and subsequently the GE [125]. The GE of the same
monomers used with persulfates, cerium and manganese initiators vary greatly, suggesting further
that such observations cannot be applied universally.

The application of mixed monomer/starch batch seed generation, as well as the use of high
shear mixing narrowed the particle size distribution (PSD) and improved the GE [137,160,189,190,208].
Semi-batch feeding of monomer or a pre-emulsion to achieve monomer starved conditions
could be favourable for starch incorporation into latex particles, especially in the case where
homopolymerization is a concern.

6.3. Surfactant/Stabilizer

Emulsion polymerizations usually use a stabilizer or surfactant to produce well-defined polymer
latex particles. These surfactants are low molecular weight synthetic molecules with a hydrophobic
tail and charged hydrophilic head. Alternatively, non-charged steric stabilizers can be used, as well as
solid spherical particles (Pickering emulsions) or a combination of all three types.

The vast majority of starch types (except uncooked granules) exhibit stabilization properties in
emulsion polymerizations. Carbohydrate based surfactants are obviously tailored to be effective stabilizers
as direct replacements for typical surfactants such as SDS [209]. SNPs and SNCs are particularly effective
at stabilizing latex particles without the need for synthetic surfactants [107,129–131,192,210]. Although
starch particle sizes are often >1 μm, exceptions exist where they are more appropriately sized at
<500 nm [106,131,207,211]. Starch particle stabilizers should be smaller than the latex particles they are
stabilizing, which typically range from 50–300 nm. The composition of the continuous phase as well as
the hydrophobicity of the monomer and polymer affect the particle size and distribution due to the
hydrophilicity and strong hydrogen bonding potential of the starch.

Some strategies for improving stabilization could include crosslinking the starch once it has
stabilized the particles, functionalizing the starch with cationic/anionic charged groups and including
synthetic surfactants to be cooperating stabilizers or to induce a lower starch CMC [207,212,213].
The electric charge of the latex particles, surfactant, monomer and starch should be considered.
Surface tension measurements can shed light on the behaviour of surfactants and stabilizers and their
interaction with other molecules. Different forms of starch have been adsorbed onto polymer particles
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once sufficiently grafted with hydrophobic monomer, after which the particles grow and incorporate
the starch into its structure, leaving strands of starch chains on the particle surface for stabilization [99].

The use of synthetic surfactant in starch graft polymerizations can improve GE, reduce viscosity,
increase storage stability by reducing retrogradation and prevent amylose aggregation in the water
phase [214,215]. Adverse effects of excess surface active molecules can arise from their migration
to the surface of the subsequently formed polymer films, thus affecting adhesive and barrier
properties [47,215]. Reports of successful grafting in surfactant free systems are regularly reported,
while cases of no grafting in such systems also exist [128].

Octenyl succinic anhydride (OSA) functionalized starch has been proven to be an extremely
effective stabilizer (low CMC and good particle size control) at particle diameters from 280 nm to
100 μm and concentrations of 1–45 wt.% [199]. Non-functionalized waxy SNPs have stabilized BMA
latex particles as small as 135 nm at 10 wt.% concentration, while SNCs have stabilized particles as
small as 121 nm at 12 wt.% concentration [129,131]. SNPs have been shown to preferentially stabilize
smaller polymer latex particles rather than monomer droplets [129]. The higher molecular weight
SNPs are superior at stabilizing oily particles compared to other starches and may have better long
term stability that synthetic surfactants [216,217]. In contrast, free amylose derives its stabilization
properties from the formation of 3D networks between particles, contributing steric stabilization to
resist coagulation [217,218]. The hydroxyl groups of starch have a pKa > 12, indicating a reasonably
strong resistance to alkalinity, however one can expect more deprotonation as the pH increases to this
point. The presence of salts and buffer can also influence the stability of latex, with or without starch,
although latex with low concentrations of water soluble starch are highly salt resistant [38,217,219,220].
Although zeta potential provides an established method to test the stability of latex particles, most
starch stabilized latexes exhibit weak zeta potentials (0 to −5 mV) while maintaining good long term
stability due to steric hindrance.

6.4. Starch Type

As previously explained, there are several types of starch that can be used to either modify
polymer latex properties or for the reduction of synthetic polymer mass. These include granular and
gelatinized non-modified starch, as well as non-functionalized and functionalized gelatinized starch,
amylose-rich and amylopectin-rich starch, ultra-low molecular weight (ULMW) polysaccharides, SNPs
and SNCs. Gelatinization is typically achieved for any starch type by pre-treating in water at 70–95 ◦C.
The temperature of gelatinization influences grafting performance [22,161,162,172].

It is common to degrade starch either by peroxides, acid, persulfates or by enzymatic treatment in
order to increase the likelihood of high encapsulation within the latex particles. In fact, apart from vinyl
and hydrophobic functionalization, this strategy is the only one to result in significant encapsulation.
This may be due to decreased negative effects on viscosity and reaction kinetics, reduced termination of
growing graft chains and the speed at which the molecule can become amphiphilic through grafting of
the hydrophobic monomer. As with any polar polymer, a decrease in its molecular weight will increase
its solubility in non-polar solvents. SNPs with a DS of 0.07 of OSA and 0.158 of AC are sufficient for
a very hydrophobic monomer like styrene to swell the core of the SNPs and polymerize, forming
varying final morphologies (as observed by SEM). So long as the monomer feed ratio was kept low,
the synthetic polymer remained bound to the SNP at full conversion (the synthetic monomer/polymer
migrated during the polymerization in all cases) [208].

Contrary to hydrophobically modified SNPs, grafting onto SNCs was restricted to the surface
of the particles only, due to the high degree of crystallinity preventing diffusion of the hydrophobic
monomer into the core of the SNC [221–223].

6.5. Encapsulation

As mentioned earlier, it could be desirable to encapsulate all or most of the starch material into
the latex particles, to maintain the properties of the synthetic standard. Apart from degradation
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or hydrophobization, vinyl functionalization can transform the starch into a reactive polymer
(or macromer) capable of participating in free radical polymerization. This strategy has been
pursued with bifunctional groups as well as with glucose surfmer (reactive surfactant) functionalized
SNPs [183,206,207,224].

Enzymatically degraded starch was reported to be encapsulated within pMMA latex particles
either by early adsorption of the amphiphilic graft polymers onto the nucleated latex particles and
subsequent particle growth or by the crosslinking of grafted starches and subsequent monomer
swelling and polymerization [160]. The authors demonstrated this by analysing the starch and graft
polymer by newly developed and apparent error-free solution 1H-NMR and solid 13C CP-MAS
quantification methods, as well as TEM.

OSA-AC modified SNPs were found to first form Pickering emulsions with styrene but then
transitioned under higher temperature to a core-shell emulsion with styrene in the core of the starch
particle. Upon addition of hydrophobic initiator an apparent core-shell latex particle morphology was
formed containing the majority of the starch in the core of the particle, with small amounts of starch
chains extending into the shell [141].

Another approach reported by Cummings et al., consisted of RSNPs functionalized with vinyl
functionalized glucose-based surfmer. When used in an emulsion polymerization of BA/MMA, these
functionalized RSNPs produced 10–40 wt.% incorporation of starch in the polymer latex [206,207].
Subsequently, this functionalization was combined with an additional internal crosslinking of the RSNP
with sodium meta triphosphate (SMTP) to reduce the amount of water soluble starch and increase the
crosslink density of the RSNPs prior to polymerization. This modification improved incorporation
greatly, where the starch was reported to be fully encapsulated in the latex particle [183]. Furthermore,
the use of a tie-layer monomer (e.g., butyl vinyl ether) with low reactivity to preferentially graft to the
starch vinyl groups, served to hydrophobize the RSNPs prior to the primary monomer feed. The result
was successful encapsulation and core-shell morphology of the SNPs within the final latex particles.
Although the maximum starch content reported to date was 17 wt.%, this work is significant in that it
follows a relatively simple emulsion polymerization procedure with a very common initiator (KPS) to
produce completely encapsulated particles [183].

Latexes with low encapsulation can still appear white at low conversion, while those with high
encapsulation can still undergo significant increases in viscosity during the polymerization (even when
only small amounts of water phase starch is present).

6.6. Starch Loading and Solids Content

Challenges persist in regard to the preparation of latexes with high starch loading and solids
content and manageable viscosity and grafting (ideally encapsulation). Achievement of such an
industrially relevant formulation that could impart some beneficial property modification while
displacing a large amount of synthetic (petroleum sourced) material represents a large step forward in
applying the 12 principles of green chemistry to the production of synthetic-starch graft polymers.

Solids content limitations typically arise from an increase in viscosity caused by persistent water
phase starches. These starches additionally interfere with the diffusion of initiator and monomer
to the polymer particles (causing a decrease in reaction rate, potential monomer droplet initiation
and subsequent coagulation) and reduce the stability of the latex particles at high or complete
conversion [183,206,207].

Starch loading is limited by similar effects but mostly by the decrease in polymerization rate of
initiator-starch initiation compared to that of the initiator-monomer, the persistence of water phase starches
affecting viscosity and poor GE leading to a product with limited usefulness [183,206,207]. The slower
initiator-starch initiation is caused by the higher dissociation energy of the starch hydroxyl hydrogen
compared to the π-bond of the monomer's vinyl group, resulting in the faster homopolymerization
reaction being preferred when both monomer and starch are present. Achieving a particular loading
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is usually not of concern in cases where starch is being used as a surfactant/stabilizer, in contrast to
when it is used as a filler or synthetic polymer replacement.

Surveying the achieved solids contents and starch loadings in the literature, the highest solids
content achieved was ~60 wt.% when using VAc to graft onto waxy maize dextrin (ULMW starch) at
a starch loading of 25 wt.% [137]. Also using dextrin, the highest loading of 93 wt.% was achieved
at 5 wt.% solids [225]. A degraded amylose was loaded at 70 wt.% with VAc at 45 wt.% solids [214].
Beyond low molecular weight starches, 50 wt.% loading and solids was achieved with native starch
being used as a filler and stabilizer with styrene and BA with KPS [226]. For modified starches, high
solids and loadings are rarer, with cationic acetylated starch being loaded at 20 wt.% with styrene and
BA at 52 wt.% solids with ferrous initiator [91] and SNCs being loaded up to 50 wt.% with styrene
at low 6 wt.% solids with KPS [92]. OSA-AC modified SNPs that achieved excellent encapsulation
were performed at only 9 wt.% loading at 6 wt.% solids with AIBN [141]. Further, other OSA modified
SNPs were used at 2 wt% loading and 53 wt.% solids with KPS [130]. It is increasingly difficult to
apply efficient encapsulation strategies at high loadings and solids contents. Brune and Eben-Worlée
achieved 30–50 wt.% loading at 30–70 wt.% solids and although copolymerization was assumed,
no grafting performance was reported [224]. Our group has achieved partial incorporation of waxy
(20 wt.%) and dent (40 wt.%) RSNPs modified with a vinyl functional glucose surfmer. Waxy RSNPs
were included at 40 wt.% (20 wt% incorporation) and 50 wt.% (10 wt.% incorporation) loadings
and 40 wt.% solids, while dent RSNPs had a limit of 25 wt.% loading at 40 wt.% solids (40 wt.%
incorporation) [206,207]. A positive achievement of these latexes is their low viscosity (<250 cp),
reasonable particle size (<300 nm), good film formation and good long-term stability.

7. Starch-Based Latex Applications

7.1. Starch

With its abundance, biodegradability and potential for modification and functionalization, starch
has been widely used in industry and for academic study. In fact, a third of the biodegradable polymers
being commercially produced are starch based [114]. Despite this, starch is readily plasticized by
water, has poor barrier resistance to water vapor and is overly rigid, making it difficult for use in
many coating and film applications. Researchers have used starch in composites to impart unique
properties and have shown it is applicable for the food, cosmetics, pharmaceuticals, paper making and
tire industries [76,227].

Two of the most popular commercialized starch products are Mater-BiTM (carbon black
replacement for tires) and Eco-SphereTM (bio-based latex for coatings and paper binder) [59]. Due
to its stabilizing properties, starch can be used in emulsions for cosmetics, pharmaceuticals, paper
products, textiles, packaging and industrial latexes for paints and coatings [228,229]. While the most
common use of starch products are for packaging applications, it holds promise for drug delivery and
other niche applications [3]. In the food industry, starch can replace fats while maintaining similar
rheological properties [14,227,230]. SNPs have been used to reinforce packaging for foodstuffs. In the
pharmaceutical industry, starch has been extensively investigated as a drug carrier, although further
work must be done to determine the dangers of starch based particles in the blood stream [15,227,231].
These particles are a low cost alternative as an adsorbent for wastewater treatment. In comparison to
native starch, SNPs have exhibited improved properties as a paper binder [14,227,230]. Metal implants
can conceivably be replaced by starch based biodegradable material. SNC have good reinforcing
properties for composites and latexes such as natural rubber and various synthetics [26].

Commercialized starch blends include Bioplast®, NovonTM, Biopar®, Baialene®, Solanyl®,
Ecobras, Biolice, Cornpole, Pentafood, Pentaform, Plantic and products Trellis Earth among
others [110,232]. Due to the requirements for vegetable packaging, this provides a new area to
be explored. Current starch based products include thermoformed trays and cups, injection moulded
cutlery, plates and bottles, as fibres for agricultural products and clothing, as thickeners and as
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additives in adhesives [4,233]. Some commercial leaders in the field include Novamont, Rodenburg,
Biotec, Biop, Limagrain, Livan, EcoSynthetix, Cereplast and Plantic, with the bulk of the industry
existing in Europe [114]. The future of commercialized starch products is sure to include a high growth
rate in innovation and commercialization, especially in the field of starch graft polymer composites
for a wide array of previously unexplored applications, including for uses as consumer plastic bags,
straws, tapes, films, wraps and paints [114].

7.2. Starch-g-synthetic Latex

As mentioned previously, although starch is a useful material in and of itself, its performance can
be greatly enhanced by customizing its functional moieties and adding grafted polymer chains. This
will allow previously unexplored applications to be tested, as well as open the possibility of replacing
purely synthetic formulations with increasing amounts of renewable starch material. Starch material
modified with synthetic polymers have shown potential to be used in biomedical and pharmaceutical
fields, as an adsorbent for wastewater treatment and in polymer composites as a property modifier.

Other applications for starch graft polymer latexes are as flocculants [15,66], resins in ion
exchange filtration [15], superabsorbent/hydrogel for aqueous solutions (water treatment) [15,32],
sizing agents for textiles [32,66,117] and in various papermaking applications [15,32,45,66]. Biomedical
applications include drug delivery, enzyme immobilization, biosensing and catalysis [15,45,66,117,234].
Biodegradable plastics (including for tissue engineering and implants) can contain a significant amount
of starch and continue to have desired properties [15,45,234]. Additionally, there are several oilfield
applications where starch graft polymers have been used [15].

8. Conclusions and Future Perspectives

The grafting of vinyl monomers from granular, native and functionalized amylose, amylopectin,
SNCs and SNPs has been extensively explored in the literature. Initiation methods investigated
include persulfates, irradiation, azo and ferrous, ceric and manganese redox initiators. Undesired
homopolymer formation during the grafting polymerization is often a challenge, as is proper
encapsulation of the starch material. Controlled radical polymerization strategies such as ATRP,
RAFT and more recently nitroxide-mediated radical polymerization (NMP), have been investigated
for polysaccharide modification and grafting and have the advantage of avoiding homopolymer
formation. The bio-catalyst HRP has also garnered recent attention for the grafting of starch and shows
promise as a “green” pathway for the production of starch grafted polymers. The use of emulsion
polymerizations to produce starch incorporated latexes for coatings and other applications of polymer
films shows promise for the enhancement of properties, the reduction of synthetic (petroleum-based)
monomers and the further improvement of overall process sustainability. Challenges persist due to
the difficulty in maintaining latex stability in the presence of high molecular weight starches and the
persistence of water phase starches in the final latex. Although some strategies exist in the literature as
proofs of concepts, more work must be done to develop procedures for full encapsulation of starch
within the latex particles (thermodynamically unfavourable) for a range of monomers. The resulting
core-shell particles would be expected to exhibit the properties of the vinyl monomer rather than
that of the encapsulated starch. This may also increase the starch loading limit before undesired
effects begin to exhibit themselves during the polymerization. Some of these strategies have included
hydrophobization or vinyl functionalization of starches (of mainly SNPs and SNCs) to make them more
compatible with vinyl monomer and initiator or the use of sequential polymerization stages to first
create an amphiphilic grafted starch seed that can then be encapsulated with semi-batch fed monomer
or a pre-emulsion. Another recent approach has been to include carbohydrate-based monomer in
polymerizations to increase the bio-content of the final product [235]. Starch is generally cheaper
than petroleum by-products and has the potential to be sustainably sourced and biodegradable,
making it extremely attractive in an industry looking to reduce its environmental footprint. Even so,
the commercialization of starch loaded latexes must also accelerate to increase public acceptance and
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support of starch-based products, government funding of academic research and industrial start-ups
and more comprehensive analysis of the effectiveness of these products and the environmental impact
of their full life cycle. We have presented in this work a survey of the attempts to include starch in
polymerizations, specifically those carried out through the more sustainable emulsion polymerization
process, including those based on granular, native, functionalized and nano-sized starch materials.
Strategies for future works were presented and a comprehensive analysis of characterization methods
and applications of starch grafted latexes and films was provided.
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Abbreviations

1H-NMR proton nuclear magnetic resonance
13C-NMR carbon 13 nuclear magnetic resonance
AA acrylic acid
AC acetic anhydride
AIBN azobisisobutyronitrile
AGU anhydroglucose units
AM acrylamide
AN acrylonitrile
AO add-on
APS ammonium persulfate
ATRP atom-transfer radical polymerization
BA butyl acrylate
BAM N-tert-butyl acrylamide
BMA butyl methacrylate
BME benzoin methyl ether
BP benzophenone
CAN ceric ammonium nitrate
CLSM confocal laser scanning microscopy
CMC critical micelle concentration
CP-MAS cross polarized magic angle spinning
DADMAC/DMDAAC diallyl dimethyl ammonium chloride
DAAM diacetone acrylamide
DLS dynamic light scattering
DMA dynamic mechanical analysis
DMAEMA 2-(dimethylamino)ethyl methacrylate
DMPA dimethoxy-2-phenylacetophenone
DTAB dodecyltrimethylammonium bromide
EA ethyl acrylate
EMA ethyl methacrylate
FTIR Fourier-transform infrared
GE grafting efficiency
GMA glycidyl methacrylate
GPC gel permeation chromatography
GR grafting ratio
HDC hydrodynamic chromatography
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HPLC high performance liquid chromatography
IA itaconic acid
KPS potassium persulfate
MA methyl acrylate
MAA methacrylic acid
MBA N,N’-methylene-bisacrylamide
MFFT minimum film formation temperature
MMA methyl methacrylate
MW molecular weight
NMA N-methylol acrylamide
OSA octenyl succinic anhydride
PG percent grafting
PSD particle size distribution
RAFT reversible addition fragmentation chain transfer
RSNP regenerated starch nano-particle
SEM scanning electron microscopy
SMTP sodium meta triphosphate
SNC starch nano-crystal
SNP starch nano-particle
St styrene
TEM transmission electron microscopy
TGA thermogravimetric analysis
VAc vinyl acetate
ULMW ultra-low molecular weight
XRD x-ray diffraction
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Abstract: The need to transition to more sustainable and renewable technology has resulted in
a focus on cellulose nanofibrils (CNFs) and nanocrystals (CNCs) as one of the materials of the
future with potential for replacing currently used synthetic materials. Its abundance and bio-derived
source make it attractive and sought after as well. CNFs and CNCs are naturally hydrophilic
due to the abundance of -OH group on their surface which makes them an excellent recipient for
applications in the medical industry. However, the hydrophilicity is a deterrent to many other
industries, subsequently limiting their application scope. In either light, the increased rate of progress
using CNCs in advanced materials applications are well underway and is becoming applicable on
an industrial scale. Therefore, this review explores the current modification platforms and processes of
nanocellulose directly as functional materials and as carriers/substrates of other functional materials
for advanced materials applications. Niche functional attributes such as superhydrophobicity, barrier,
electrical, and antimicrobial properties are reviewed due to the focus and significance of such
attributes in industrial applications.

Keywords: cellulose nanocrystals; functional materials; superhydrophobicity; antimicrobicity;
barrier properties

1. Introduction

Cellulose, lignin, starch, chitosan, protein, triglycerides, natural gums, and polyphenols constitute
an interesting nature-derived and renewable feedstock for advanced material applications. Among
these feedstocks, cellulose is the most abundant biopolymer on earth with an approximate annual
production of 1010 tons [1,2]. As such, it has been an immense source for the paper and textile
industries for thousands of years. Cellulose is a homopolymer with a linear chain of six carbon ring,
anhydro-D-glucose unit (AGU) monomers. Each AGU monomer in a chair conformation is linked
with a β (1 → 4) glycosidic bonds [3,4].

Overall, cellulose is a rigid and stiff polysaccharide that has tensile strength comparable to other
commercial fibers such as carbon fiber [5]. Reinforcement of high melting temperature polymers
with modified biomass has extensively been reported [6–11]. Likewise, it has also been extensively
reported that the addition of cellulose fibrils in various forms to produce polymeric composites can
greatly enhance mechanical properties of the base polymeric materials at significantly lower loadings
compared to other biomasses [12–17]. Forms of cellulose fibrils can range from cellulose powders to
microcrystalline cellulose and nanocrystalline cellulose. In the last two decades, a substantial and
continuing interest in the utilization of cellulose nanoparticles in material applications is observed.
This is accrued from a breakthrough in the largescale production of nanocellulose, as well as their
multifaceted benefits in traditional polymer composites and functional materials. Nanocellulose is
a material extracted from cellulose which has one or more dimensions in the nanometer range of 100
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or less [2,18], and considered as the next generation renewable reinforcing agents for the production of
biocomposites, and especially for advanced functional materials applications.

1.1. Nanocellulose

Nanocellulose is a generic name referring to different cellulose nanoparticles (CNPs) such as
bacterial cellulose, microbial cellulose, cellulose nanocrystals, cellulose nanofibrils, cellulose nanofibers,
and cellulose nanowhiskers [19]. Amongst the variety of CNPs, the two major structures are cellulose
nanocrystals (CNC) and cellulose nanofibers (CNF) [2,20]. The extraction process of these two
structures from the feedstock and their morphology are the two main differences between these
CNPs [20,21]. Cellulose nanocrystals are extracted through chemical processes such as hydrolysis
and they have a rod -like structure. Contrarily, cellulose nanofibers contain web-like network and are
mainly extracted through mechanical and chemo-mechanical processes [5,20,21].

Similar to other bio-based materials used for advanced materials applications [22–24],
the renewability, biodegradability, high strength, low density, high crystallinity, high aspect ratio,
and unique optical properties make CNCs highly desirable materials in several advanced and
functional material applications [20,25]. CNCs can be isolated from bioresources such as wood,
cotton, hemp, linen, flax, tunicate (aquatic invertebrate) [5,17,18,20,21,25]. It can also be generated by
a bottom-up or biosynthesis from simple molecules. Bacterial nanocellulose produced by bacteria and
algae via fermentation of sugar is a typical example of such bottom-up approach [26]. The properties
of CNCs can vary depending on bio-sources and the extraction process used. Some of the extensively
researched material applications of CNCs include plastic composites, paints and coatings, packaging
films, cement, rubber products, biomedical applications (e.g., pharmaceuticals, diagnostic imaging,
drug delivery, tissue engineering materials), sensors, and many more [19,27,28].

1.2. CNC Characteristics

Cellulose exists in seven allomorphs: Cellulose Iα, Iβ, II, IIII, IIIII, IVI and IVII, where cellulose
I is the most crystalline structure with the highest axial elastic modulus [4,18]. The two polymorph
of cellulose I, cellulose Iα and Iβ, coexists where Iβ is more thermally stable than Iα due to weaker
hydrogen bond in Iα [18]. CNC contains 64–98% Iβ depending on the source [18]. CNCs are found
in rod shape. Typically, they can be 3–5 nm wide and 50–500 nm long [18]. However, CNC from
tunicate can be as wide as 20 nm [18]. The larger dimensions for CNCs derived from tunicate is
a result of highly crystalline tunicate cellulose, which contains less amorphous regions that leave
behind larger crystalline region [29]. One of the most attractive properties of CNC is its high aspect
ratio. This is because the functional application of CNC is dependent on the aspect ratio in several
cases. For instance, the use of CNC as a reinforcing agent relies on its higher aspect ratio. On the
other hand, CNCs with uniform crystallinity and lower aspect ratio are beneficial in renewable liquid
crystals applications [30,31]. Table 1 shows that the variation in aspect ratio of nanocrystals depending
on the source of CNC. Overall, nanocrystals derived from sea plant and animal has significantly higher
aspect ratio as compared to those extracted from wood and cotton.

Table 1. Aspect Ratio of cellulose nanocrystals (CNC) Derived from Different Sources.

Source Length (nm) Width (nm) Aspect Ratio * Reference

Bacterial 640–1070 12–22 50 [32]
Cotton 100–300 4–10 29 [2]

Flax 100–500 10–30 15 [33]
Ramie 150–250 6–8 29 [34]
Sisal 150–350 3–5 62 [35]

Valonia (Sea plant) 1000–2000 20 75 [2]
Tunicate (Sea animal) 500–2000 10–20 83 [2]

Wood 100–200 3–15 17 [2]

* Aspect Ratio = Aspect ratio calculated using average length and width.
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It is important to highlight that cellulose nanocrystals are a highly crystalline fraction of cellulose.
CNCs have degree of crystallinity of 54–88% depending on the amorphous content present in the
feedstock, and the production process [18]. Nanocrystals derived from tunicate have been reported to
have the highest crystallinity, which ranges from 85–100% [18]. As a result of the higher crystallinity
caused by hydrogen bonding, cellulose nanocrystals are rigid and stiff. CNCs are also rich in hydroxyl
groups (–OH) since each AGU unit offers one primary and two secondary –OH groups leaving it
open to endless modification and functionalization possibilities [18]. Moreover, the high surface area
to volume ratio of CNCs further facilities surface functionalization or other –OH chemistry efforts
making it suitable for various advanced functional material applications [36].

Due to the sheer numbers of published review articles on CNCs with focuses on their
modifications and applications towards polymer composites and nanocomposites, extraction and
purification processes and determinations of their properties and characteristics just to mention a few,
these subjects will only be highlighted. To the best of our knowledge, only few review articles were
published on advances in applications of cellulose nanocrystals covering several topics. For instance,
the review article by Grishkewich et al. [37] covered topics ranging from tissue engineering to gene
delivery and energy. However, due to growing interests, research being conducted and achieved on
CNC continually and especially in niche areas such as wettable surfaces, coatings, several applications
of biotechnology, and electronics, there is need to update and disseminate the new developments
achieved and knowledge gained. Therefore, this review focuses on the current advanced material
functionalization of CNCs geared towards these areas as described in the schematic shown in Figure 1.

Figure 1. Some application of cellulose nanocrystals (CNCs) and nanofibrillated cellulose (NFCs) in
advances functional materials applications.

2. Cellulose Nanocrystals in Wettable Applications

Wettability of a substrate or surface is the ability of that surface to create intermolecular
interactions such as cohesive and adhesive forces when typically, in contact with a liquid. The degree
of wettability is determined by the aforementioned forces which also govern the contact angle (CA)
between the substrate and liquid. The CA subsequently determines if a material or substrate is
hydrophobic, hydrophilic or their extremes. In recent years many researchers have been drawn towards
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the development of hydrophobic nanomaterials due to the increasing demand in both academic
and industrial sectors. Hydrophobicity is an important property to determine the application of
nano-composites. Hydrophobic materials with self-cleaning, antifouling, water repellency, and reduced
friction properties are highly desirable for industrial applications. CNCs are known for their strength
and commonly used as reinforcing agents. However, the application of CNC is currently limited
because it cannot be readily incorporated into many polymer matrices that are typically hydrophobic
due to its high hydrophilicity. Thus, hydrophobic modification of CNC can lead to better dispersion
in non-polar and hydrophobic matrices. Furthermore, hydrophobic CNC surface can also be used as
a coating agent for marine vehicles, biomedical devices, windows, textiles, paints, and many other
applications. The advancement of hydrophobic CNC surface can open doors to many commercial
applications of this abundant biopolymer found in nature.

In nature, butterfly wings, lotus and other plant leaves are greatly studied for their
superhydrophobicity [38,39]. Lotus leaves known for its self-cleaning properties has hierarchical
rough structure containing two levels of roughness [38]. Superhydrophobic properties of lotus known
as lotus-effect have inspired the synthesis of many artificial hydrophobic materials. An important
aspect to study while investigating hydrophobicity is the water contact angle (WCA). A hydrophilic
material has a WCA of less than 90◦, a hydrophobic material has a WCA higher than 90◦ while
materials displaying WCA greater than 150◦ are superhydrophobic [39,40]. Various relations including
Young’s equation, Wenzel equation and Cassie equation have been developed to determine WCA [39].
Along with water contact angle, another important characterization property of hydrophobicity is
sliding angle. Sliding angle is a measure of tilt angle between the surface and substrate droplet at
which droplet starts to roll off of the surface. Superhydrophobic material has sliding angle less than
10◦, which is often used to describe the anti-water repellency property [39,41].

Hydrophobicity can be controlled through chemical modification or surface roughness. Reduction
of surface energy through chemical modifications and enhanced roughness, both the factors must
be simultaneously controlled to achieve superhydrophobicity [42]. Preparation of superhydrophobic
materials involves harsh chemical and physical treatments. Chemical modification to obtain
hydrophobicity include attachments of low surface energy molecules such as fluorinated agents [43],
silanes [42], organic hydrophobic chains [44] and etc. Table 2 lists various chemical treatments and
attachments to cellulose -based materials such as cotton, paper, and cellulose nanocrystals.

Table 2. Hydrophobic Treatment of Cellulose-based Materials (PFSC: perfluorooctylated quaternary
ammonium silane coupling agent; TEOS: Tetraethyl orthosilicate).

Surface Modification WCA Reference

CNC Pentafluorobenzoyl chloride 112◦ [43]
CNC Castor Oil 97◦ [44]
CNC Stearyltrimethylammonium chloride 71◦ [45]

Cotton Silica sol treated with PFSC 145◦ [46]
Paper TEOS and tridecafluorooctyl triethoxysilane 170◦ [41]

Although chemical modification has been the traditional approach to functionalize the surface of
a material for a number of applications, a recent trend in enhancing the surface roughness is providing
some interesting hydrophobic characteristics in several materials. Increasing surface roughness plays
a key role in enhancing water repellency [46]. In this, air, which is very hydrophobic (water contact
angle 180◦) gets trapped between the grooves of the roughness [47]. When a water droplet rests
on the surface it comes in contact with the entrapped hydrophobic air leading to hydrophobicity
enhancement [47]. Surface roughness strategies such as etching, laser, electrospinning and etc. are also
commonly used [39,48].

Salajkova et al. [45] employed quaternary ammonium salts modification to bring about
hydrophobic modification of CNCs. In this study, four different quaternary ammonium salts were used
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for the CNC modification. Figure 2. shows the attachment of (1) stearyltrimethylammonium chloride
as well as the structure of other three quaternary ammonium salts, (2) phenyltrimethyl-ammonium
chloride, (3) glycidyl trimethylammonium chloride, (4) diallyldimethylammonium chloride [45].
The highest WCA for stearyltrimethylammonium chloride modified CNC was 71 ◦C. Although great
improvement was observed in WCA of the CNC surface, a higher WCA (>90◦) is typically desirable
for employing the hydrophobicity of CNC for advanced material applications.

Figure 2. CNC modified by Quaternary Ammonium Salts. Reproduced with permission from
Salajková et al. [45]. RSC copyright © 2012.

Silica nanoparticles are widely used for hydrophobic modification of cellulosic materials.
Tetraethyl orthosilicate (TEOS) prepared through sol-gel process was used for the hydrophobic
treatment of cotton fabric [49]. Silica is not hydrophobic therefore fluorinated silane and alkylanated
silane, or other alternative water repellent agents are commonly used to achieve water repellency [49].
Silica, TEOS, sol treated with perfluorooctylated quaternary ammonium silane coupling agent (PFSC)
showed water contact angle of 145◦ proving PFSC to be very effective [46].

Paper, a major product from cellulose, was coated with TEOS sol and tridecafluorooctyl
triethoxysilane to produce a hydrophobic surface [41]. The modified paper had a WCA greater
than 170◦ and sliding angle less than 7◦ displaying superhydrophobic properties [41]. Instead of
only using silica nanoparticles, the treatment of silica with fluorinated compounds often offers better
water repellency. Salam et al. [43] reported fluorine-based modification of nanocellulose to obtain
hydrophobic and oleophobic properties. Figure 3 shows the modification of CNC surface through
fluorinating agents. The modified CNC displayed a water contact angle of 112◦ and maintained
80◦ even after 1200 s [43]. However, due to the surface modification, the crystallinity of cellulose
nanocrystals was slightly modified. The modified CNC had a crystallinity index of 82% while the
unmodified CNC displayed a higher crystallinity index, 91% [43].

Shang et al. [44] has reported another approach of producing hydrophobic CNC, by attaching
castor oil on the surface of the CNC. Castor oil containing hydroxylated fatty ricinoleic acid triglyceride
(RTA), was attached onto to CNC surface via grafting-onto modification approach while using
diisocyanate as a coupling agent [44]. Only one hydroxyl group was maintained active while other
two were terminated in order to link one end of diisocyanate with castor oil and another with the
CNC. Successful grafting led to reduction in the surface energy. The increase in water contact angle of
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grafted material to 97◦ also suggested hydrophobicity of the nanocellulose [44]. The resulting material
was dispersible in non-polar solvents such as toluene and ethyl ether [44].

Figure 3. Hydrophobic modification of CNC via fluorine-based agents. Reproduced with permission
from Salam et al. [43]. Springer copyright © 2015.

Hydrophobic surfaces provide the advantage of efficient and enhanced performance of materials
when used in targeted applications. Hydrophobic and superhydrophobic surfaces are highly desirable
for marine equipment coating. Watercrafts, marine platforms, offshore rigs and jetties are highly
vulnerable to fouling. As a result, operational and maintenance cost for sustaining water-based
structure is relatively high. Thus, hydrophobic surfaces with the correct combination of surface
roughness and chemical modification can reduce the wetting behavior that result in minimizing attacks
from marine organisms and corrosions. CNCs with great reinforcing ability can be modified to achieve
both superhydrophobicity and antimicrobial properties. Dual function CNC can greatly enhance the
performance of underwater objects and marine equipment.

Surface containing hydrophobic coatings is desirable for self-cleaning windows, satellite dishes,
solar energy panels, photovoltaics, exterior architectural glass [39]. Furthermore, water repellent
paper can have practical application for valuable printable paper, filter paper, packaging and
photographs [47]. Recently, textiles with water repellency, anti-stain and self-cleaning properties are of
interest in outdoor sporting textile applications [49]. Due to the increasing demand of hydrophobic
materials, researchers are developing various approaches for hydrophobic modification of CNCs.
Despite numerous research being conducted in this field, commercial applications of hydrophobic and
superhydrophobic materials is limited due to susceptibility of CNCs to environmental degradation
over time [41,50].

Zhou et al. recently developed a superhydrophobic micro fibrillated cellulose aerogel (HMFCA)
to efficiently separate oil from water [51]. In this study, silanization in an ethanol solution containing
methyltriethoxysilane (MTES) was used to modify the aerogel by introducing polysiloxane groups on
the surface of the HMFCAs. Prior to silanization, the HMFCA was oxidized to introduce hydroxyl
groups, which was used as anchor points for the silanization process. The polysiloxane groups
are highly water repulsive (hydrophobic) while allowing the absorption of oil (lipophilic) into the
porous structure of the aerogel. The resulting modified aerogel when immersed in oil-contaminated
water exhibited oil selective capability of up to 159 g/g. Experimental runs after 30 cycles revealed
a reusability capacity of up to 92 g/g which was approximately 58%. Figure 4a shows the contact
angle of the unmodified HMFCA and modified HMFCAs with different MTES concentrations of 1, 2
and 3 mL which correspond to HMFCA-1, HMFCA-2 and HMFCA-3, respectively. It was observed
that the contact angle increased with increasing MTES concentration up to 151.8 degrees, indicating
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its superhydrophobic nature. Figure 4b–d show the before and after modification of the aerogels and
flotation of the modified aerogel in water due to the reduced surface energy created by the modification
process. Figure 3e shows the possible reaction scheme for the modification of the hydrophilic aerogel
into lipophilic aerogels. This study shows the great potential of micro fibrillated celluloses and
possibly CNCs to be used on a large scale for oil spill clean ups from offshore rigs and leaking
underwater pipelines.

Figure 4. (a) Contact angle measurement of unmodified and modified micro fibrillated cellulose aerogel
(MFCAs) with 1, 2 and 3 mL methyltriethoxysilane (MTES) concentrations. (b,c) Water/oil selectivity
of unmodified MFCA and modified MFCA with 3 mL of MTES with both water and oil absorbed in the
unmodified MFCA while only oil is absorbed in the modified MFCA. (d) Modified MFCA floating on
water while unmodified MFCA sinking into water. (e) Schematic representation of silinization grafting
of methyltriethoxysilane (MTES) onto micro fibrillated cellulose (MFC). Reproduced with permission
from Zhou et al. [51]. ACS publications copyright © 2016.

Water/oil selectivity of unmodified micro fibrillated cellulose aerogel (MFCA) and modified
MFCA with 3 mL of MTES with both water and oil absorbed in the unmodified MFCA while only oil is
absorbed in the modified MFCA. Oil-water separation tests were also performed using a stainless-steel
mesh treated with the superhydrophobic CNCs. Different oils such as toluene, N-haxane, xylene
and cyclohexane were used to determine the efficiency of the treated mesh in separating the oil from
the water while reusing the mesh for 40 cycles. The result from this test revealed that the mesh was
able to efficiently remove all types of oils with a separation rate of at least 97.37%. Analogous to the
above work, oil/water separation using superhydrophobic cotton fabric coated with CNC has been
published and shown to have excellent results with a 98% separation efficiency with the coated cotton
fabric capable of being reused without detriment to the separation efficiency [52]. The reusability,
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durability and efficiency of oil water separation most likely stems from the strong covalent bonds on
the cellulose surface as well as the excellent mechanical properties of the cellulose nanocrystals such
as the strength, stiffness and wear resistance. Similar to the study by Zhou et al. [51], these works
demonstrate the capability of superhydrophobic CNCs when geared towards applications such as
water contaminant separation.

In a similar study by Huang et al., CNCs were treated with 1H, 1H, 2H, 2H-
perfluorodecyltrichlorosilane in the liquid phase through water-ethanol-toluene exchanges to produce
superhydrophobic CNCs [53]. In this reaction, the trichlorosilane groups react with the hydroxyl
groups of the CNCs to form a covalent bond while leaving the highly fluorinated tail dangling.
The group reduces the surface energy and therefore makes it superhydrophobic. The superhydrophobic
CNCs were then applied to different substrates such as wood, glass and stainless-steel mesh.
Each substrate was first sprayed with a quick-drying adhesive before being sprayed with the
superhydrophobic CNCs and allowed to dry. Self-cleaning and water contact angle tests were
performed on the treated substrates and are shown in Figure 4. It can be observed from Figure 5a,b that
the coated wood and glass substrates exhibited superior hydrophobic characteristics with high contact
angles of 158 and 156 degrees, respectively. The self-cleaning efficiency of the uncoated and coated
substrates with the superhydrophobic CNCs can be observed in Figure 5c,d, respectively. The high
degree of self-cleaning can be applied to marine equipment and vessel surface, thereby allowing for
increased buoyance and reduced need for expensive and frequent maintenance. Though, the substrate
used by Huang et al. [53] might pose a challenge when it comes to large scale application due to the
weight and possible high cost, it is highly durable and can withstand impacts and bumps over several
cycles. Those used by Zhou et al. [51] and Cheng et al. [52] are light-weight, readily available and can
be mass produced. However, it might not be as durable as the stainless-steel material in the long run.
Regardless of the choice of material, the application of modified CNCs for superhydrophobic material
applications is promising and on track for industrial scale use.

Figure 5. Demonstration of superhydrophobic coating from modified CNC with high contact angle on
wood (a) and glass (b). Self-cleaning capability of uncoated (c) and coated (d) wood. Reproduced with
permission from Huang et al. [53]. Elsevier copyright © 2018.

Recently, Gou et al. developed a process to modify the surface of nanofibrillated cellulose
(NFC) films to render portions of the films either superhydrophobic or superhydrophilic [54].
In this process, the NFC film was immersed in trichlorovinylsilane (TCVS)-toluene solution to
allow for the growth of TCVS silicone nanofilaments on its surface through hydrolysis and
polycondensation to form crosslinked porous polymeric silicone nanofilaments on the surface
(TCVS-SNFs). This film was further modified to form superhydrophobic surfaces by exposure to
ultraviolet light in the presence of hydrophobic thiol compounds such as 20% (v/v) 1H, 1H, 2H,
2H-perfluorodecanethiol solution in ethyl acetate or 20% (v/v) 1-butanthiol in ethanol. In order to
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selectively form superhydrophilic surfaces on the superhydrophobized film, it was further exposed
to ultraviolet light in the presence of cysteamine or 2-mercaptoethanol as hydrophobic moieties
leaving only areas which was intended to be exposed to a UV light. The use of ultraviolet light
was to catalyze the reaction between the TCVS-SNFs on the surface of the film and the hydrophobic
moieties and between the hydrophobic moieties and the hydrophilic moieties through photo-induced
thiol-ene reaction. Likewise, a slippery NFC surface was created by incorporating lubricant fluid into
an already superhydrophobic NFC films until complete saturation of the fibrils was acheived. Figure 6a
demonstrates the process of superhydrophilic-superhydrophobic dual surface modification of an NFC
film using photo-induced thiol-ene reaction by UV light exposure. Figure 6b shows the mapping of
dual superhydrophobic-hydrophilic surfaces using secondary ion mass spectrometry coupled with
time-of-flight mass analysis. This was used to determine the elemental and molecular identities of the
dual surface. Further geometric designs were made and are shown in Figure 6c with different patterns
of the hydrophobic-hydrophilic surfaces using dyed water solutions to clearly identify each region.
The mechanism of reaction, stepwise functionalization and modification of the NFC films to form
both super-hydrophobic and hydrophilic surfaces and slippery NFC films are shown in Figure 6d.
Such findings can lead to an extensive utilization in biotechnology and biomedical applications such
as specifically designed films, which can be used to repel or attract specific biological moieties in the
body due to their polar or nonpolar characteristics.

In the studies above, irreversible superhydrophobic surfaces were developed and shown to be
extremely efficient. However, in a very recent study, a reversible superhydrophobic/superoleophilic-
superhydrophilic/superoleophobic transition of modified cellulose fabric was developed and designed by
Fan et al. [55]. Smart or transition-reversible superhydrophobic-superhydrophilic cellulose fabric
was formed by introducing the fabric into an aqueous solution of sodium hydroxide, distilled
water and urea for a specific period of time after which it was treated in a zinc chloride aqueous
solution to allow zinc cations and chlorine anions be absorbed onto the surface of the cellulose
fibers. The fibers are swollen and allowed for the ions to penetrate into the pores. The loaded
fabric was steamed to imprint the ions on the fabric fibers. The treated fabric was then washed
repeatedly with deionized water and baked thereafter. The baking process was done to shrink the
fibers, thereby physically locking the imprinted ions in the pores of the fibers as water is removed and
shrinkage occurs. This fabric now loaded with zinc oxide (ZnO-CFs) was further modified to give it
a superhydrophobic-superhydrophilic reversible-transition surface by dipping it into a solution of
lauric acid and ethanol. Thereafter, soaked in another solution of sodium hydroxide, ethyl alcohol
and water. Figure 7a–d, displays the micrographs of the cellulose fibers before and after modification
with ZnO, ZnO and lauric acid and ZnO, lauric acid, sodium hydroxide and ethyl alcohol aqueous
solution, respectively. It can be observed that there is the presence of ZnO attached to the fiber
surface after modification which created a micro-nano rough surface structure which was partially
ascribed as a factor in the formation of hydrophobic and hydrophilic surfaces thereafter. Likewise,
in Figure 7e, the schematic demonstrates the step taken in achieving this process. Readers should
refer to the published work for a well detailed experimental procedure and for more information as
needed [55]. It was found that the reversable wettability of the modified cellulose fibric maintained its
properties such as separation efficiency and wettability phases even after 20 reversal cycles between
hydrophobicity and hydrophilicity. The mechanism behind the hydrophobic to hydrophilic transition
of the fabric was ascribed to the formation of sodium carboxylate after the scissioning of chelation
between ZnO and carboxylate anion formed during the modification process. The newly formed
sodium carboxylate would move to the liquid phase from the solid-liquid interface, thereby increasing
the solid-surface free energy as a resulting in the local reduction of water surface tension from the
loss of low free energy alkyl chains. This subsequently results to wettability reversal or transition.
This study not only advanced the science of oil/water separation but also took it a step further by
broadening the application scope to include the removal of water from oil and not just oil from
water. In cases where the contaminant is water, it can be removed by using the smart cellulose fabric
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in its superhydrophilic/superoleophobic form, on the contrary, while it is in its reversed form of
superhydrophobicity/superoleophilicity, it can remove oil from water simply by immersing it in
a solution to stimulant the transition back to the former as described above. These applications can be
geared towards the oil industry where purity of oil is critical to its final use or in industries where oil
spill cleanup into large bodies of water is required.

Figure 6. (a) modification of NFC films to produce superhydrophobic/superhydrophilic patterns. (R1 and
R2–superhydrophobic and superhydrophilic moieties grafted on NFC film surfaces), (b) secondary ion
mass spectroscopy with time of flight 2D mapping of superhydrophobic/superhydrophilic modified films
with both positive (left and right) and negative (middle), (c) films designed with different patterns of
superhydrophobic/superhydrophilic surfaces and highlighted with dyed water solutions. Reproduced
with permission from Gou et al. [54]. ACS publications copyright © 2016 and (d) schematic of plausible
chemical reactions to achieve superhydrophobic/superhydrophilic surfaces. Reproduced with permission
from Fan et al. [55]. Elsevier copyright © 2018.

72



Processes 2019, 7, 10

Figure 7. (a) unmodified, (b) ZnO modified, (c) ZnO-lauric acid modified, (d) ZnO-lauric acid-sodium
hydroxide and ethyl alcohol aqueous solution modified cellulose fabric fibers and (e) diagrammatic
representation of functionalization of reversible superhydrophobic/superhydrophilic cellulose fabric
fiber. (NaEW—sodium hydroxide ethyl alcohol aqueous solution, LA—lauric acid). Reproduced with
permission from Fan et al. [55]. Elsevier copyright © 2016.

The development of superhydrophobic surfaces has resulted in potential applications in water
purification, medicine, biotechnological and materials interface. Modification of cellulose and its
derivatives such as MCCs and CNCs have classically been modified using fluorinated moieties
which typically exhibit hydrophobic characteristics especially to moisture. Though the technology
of CNC is mostly at its infancy stage, the advancement in the use of CNCs in functional materials
is a positive step towards moving away from dependence on petroleum-based materials. However,
more research is needed in the modification techniques of CNCs to develop the use of fewer
chemicals and steps. Reduction in modification steps will result to a lower cost of the end product in
addition to the environmental benefits by cutting down on man hours and material cost of the added
modificstion step(s).

3. CNCs as Antimicrobial Agent Carriers

The majority of the antimicrobial agents used are small in size thus there is always a probability
for these active agents to leach out from the material (e.g., fabric, plastics, etc.) containing it [56].
Loss of antimicrobial agents to the fabric, skin and the environment contaminates the material and
poses threat to health and environment [56]. The direct addition of antimicrobial agent also reduces
the activity and efficiency as a result of leaching out and side reaction with food contents such as
proteins and lipids [57]. Some antimicrobial chemical agents pose risk to human health and safety that
led to the ban of a number of such agents (e.g., triclosan, iodine complex, phenol, triclocarban, etc.)
that were commonly found in over the counter consumer products such as soap [58]. In other cases,
the prevalence of antibiotic resistance as a result of microbial mutation and a decreasing effectiveness
of antibiotics in treating common microbial infections resulted is another motivation for innovative
ways of antimicrobial carrier development [59]. Thus, interest has grown in attaching or incorporating
active antimicrobial agents to long chain polysaccharides and polymers especially CNCs.

Commonly used antimicrobial agents are halogens, phenols, silver nanoparticles and quaternary
ammonium salts [60]. Transition metal oxides such as Au, Ag, Ti, Mg, NO, ZnO, CuO and Fe3O4 have
antimicrobial properties as well [61]. Antimicrobial enzymes such as lactoperoxidase and lactoferrin
and antimicrobial peptides magainins, cecropins, defensins are also often used [62].

Quaternary ammonium compounds (QACs) are positively charged, thus they absorb onto
negatively charged microorganisms. They attack the surface cytoplasmic membrane once diffused
through the cell wall. Due to the loss of essential constituents of the cell cytoplasm, it becomes difficult
for the microorganisms to survive and they eventually die [60,63]. Thus, QACs are one of the most
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effective antimicrobial agents used. However, they are toxic to bacteria, pathogens (fungi and protozoa)
as well as mammals which limit their applications.

Silver nanoparticles are preferred as antimicrobial agents due to the high activity against a wide
range of microorganisms. Silver nanoparticles are active against yeast, fungi, viruses as well as both
gram negative and gram positive viruses [64]. As the silver particles permeate through microorganisms
they disrupt and restrict the respiratory function of the microorganisms, thereby resulting in death [65].
As the size of the silver particles decreases their efficacy increases due to increase in surface area,
thus nanosized silver particles are preferred [66]. Silver particles inhibits the growth of Escherichia coli
(E. Coli) and Staphylococcus aureus (S. aureus) [65,67]. Due to various uncertain health effect of silver
nanoparticles, their use for food packaging in certain countries has not been accepted [64]. This has
resulted in limited application and research especially in specific industries such as the food industry.

Triclosan is a synthetic biophenol (2,4,4′-trichloro-2′-hydroxydiphenyl ether) with excellent
biocide activity. It is effective against both gram-positive and -negative bacteria, yeast and mold [68].
Hence, triclosan has a wide range of applications such as in soap, mouthwash, toys, packaging, textiles
and kitchen utensils [56,62,69]. Use of triclosan is regulated by Environmental Protection Agency (EPA)
due to its perceived toxicity and environmental risks, and as a result is its use in consumer products is
limited [68].

Amongst naturally occurring antimicrobial agents, chitosan is derived from chitin and has gained
a lot of popularity in commercial applications. Chitin is extracted from the exoskeleton of insects,
as well as algae and fungi [56]. Chitosan is a polycationic polysaccharide with antimicrobial and
antifungal activity [70,71]. Chitosan alters or forms a polymeric membrane on the surface of the cell
restricting any nutrients from being absorbed, thus resulting in reduced growth and ultimate death of
the cells [71,72]. Chitosan has been investigated for many applications such as packaging, drug delivery
and other biomedical applications [28,70,71]. However, it is a slow acting antimicrobial agent due to
its mechanism as stated previously, therefore, making it not as potent as other antimicrobial agents.

One of the main applications of antibacterial material is in the food packaging industry. Rather
than just physical or moisture protection, successful packaging is one that inhibits the growth of
microorganism in the food. Thus, active packaging is becoming popular in order to inhibit, reduce
and kill microorganisms from the food surface or the surrounding adjacent to the packaging. Recently,
consumer demand for low preservative food has increased. Thus, to maintain food quality under low
preservation, active packaging can be very attractive. Active food packaging film can increase the
product shelf life, maintain the nutritional value of food, provide microbial safety while restricting
pathogenic growth. As a result, the need for active antimicrobial agent for food packaging has increased
to maintain safe food quality [73].

As the demand for biodegradable and bioactive packaging gains popularity, research has been
conducted to make active packaging film with Nisin, showed in Figure 8, as an antimicrobial agent.
Nisin, 34-amino acid long bacteriocin, is active against many foodborne gram-positive bacterium such
as Listeria monocytogens, Stephylococcus aureus and many more [74,75].

Nisin has been used to activate chitin to make an active packaging for pasteurized milk [76].
Additionally, it was reported that microbial growth on oyster and ground beef was delayed when nisin
activated film was used for packaging [76]. Since nisin has demonstrated good antimicrobial activity,
it was incorporated to polylactic acid-cellulose nanocrystal (PLA-CNC) composite [74]. Overall
the nisin active PLA-CNC film contained all three essential packaging properties: antimicrobial
activity, strength and biodegradability. Weishaupt et al. [75] reported the self-assembly of nanofibrilled
cellulose-nisin biocomposite. TEMPO-oxidized nano-fibrillated cellulose containing carboxylic groups
provided a negative surface for nisin to be adsorbed onto the surface [75]. The binding of nisin to
nanocellulose was greatly affected by electrostatic interactions. However, at high salt concentration the
binding capacity between nisin and nanocellulose was compromised [75]. Nisin bound nanocellulose
was investigated against S. aureus and reduction in growth was observed [75]. Due to the beneficial
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properties observed, this biocomposite can be further enhanced to develop a promising application in
biomedical industries.

Figure 8. Chemical structure of Nisin. Reproduced with permission from Salmieri et al. [74]. Springer
Nature copyright © 2014.

Silver nanoparticles are another commonly investigated antimicrobial agents incorporated with
cellulose nanocrystals. Drogat at al. [65] reported the activity of silver nanoparticles-CNC composite
against S. aureus (Gram positive) and E. coli (Gram negative). Oxidation of CNC was conducted via
periodate (NaIO4) to produce aldehyde, which was then used to reduce silver ions to Ago to inhibit the
growth of both the gram positive and negative bacteria [65]. Figure 9 shows the schematic of reaction
of CNC with periodate to produce aldehyde followed by reduction of silver ion.

Figure 9. (a) Oxidation of CNC, (b) Reduction of Ag+ to Ago. Reproduced with permission from
Drogat et al. [65]. Springer copyright © 2011 and (c) cellulose nanoparticles with polyrhodanine
(CNC@PR) Fabrication. Reproduced with permission from Tang et al. [77]. RSC copyright © 2014.
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Inhibited growth of bacteria suggests potential application of silver-CNC matrix for wound
healing gels, antiseptic solution as well as other biomedical applications. Fortunati et al. also
reports antimicrobial activity of PLA-CNC biocomposite containing 1 wt.% Ag nanoparticles against
S. aureus and E. coli [64]. Higher activity was observed against E. coli than S. aureus due to greater
toxicity of silver ions towards E. coli while significant amount of activity was also achieved for
S. aureus [64,78]. PLA biocomposite with excellent antimicrobial activity against both gram-positive
and gram-negative bacteria offers more opportunities for the development of active packaging for
food, sanitary, and biomedical industries.

Amongst different structures for antimicrobial compounds, core-sheath structure of cellulose
nanoparticles with polyrhodanine was reported by Tang et al. [79]. Cellulose nanoparticles with
polyrhodanine (CNC@PR) showed antimicrobial activity against E. coli and B. Subtilis [79]. CNC@PR
was synthesized with Fe (III) complex and ferric chloride to negatively charge the CNC surface. Fe (III)
was used as an initiator and oxidant for the in situ polymerization of rhodanine on CNC [77,79].
Figure 9c shows the schematic of core-shell nanoparticles of CNC coated with polyrhodanine.

In academia and industry, antimicrobial materials are gaining a lot of interest due to the need
to improve on the shelf life of food products. The application of antimicrobial materials is not only
limited to food packaging but also a variety of other applications such as textile, coating, military
and household equipment. High surface area and shorter diffusion path of nanofibers makes them
an excellent choice for attaching antimicrobial molecules while also used as a reinforcing material
for polymers as well [80]. Biomedical devices possessing antimicrobial-functionalized polymers can
be proven very hygienic and efficient for health care purposes. Similarly, antimicrobial coatings can
be used in hospital walls, kitchen counter tops and other pharmaceutical laboratories to maintain
microbes-free environment. Household items, sanitary items for bathroom, kitchen utensil such
as chopping board, kitchen towels, dish rack, toys for kids made from antimicrobial materials can
promote healthy environment.

However, unlike other antimicrobial agent carriers, nanofibers can also provide mechanical
strength which is desirable for most of the applications. This is currently an active research area with
a focus on acquiring enhanced antimicrobial properties, cost optimization, and scale-up studies to
commercialize these products.

4. CNCs in Barrier Applications

Limiting the effects of the environment on materials has long been a major concern in numerous
industries. In the oil and gas industry where a network of pipping systems is a major vessel for
transporting oil and chemicals, corrosion is a major problem and concern. In the marine industry,
the exposure of vessels to sea water is constantly corroding and eroding the bottom of the vessels.
Ultraviolet light exposure over time can alter the micromolecular properties of materials such as
polymers, therefore changing the bulk properties. The use of CNCs in barrier applications are limited
except for a few explorations in academia.

4.1. UV Protection

It is well known that over time when exposed to UV, the physical appearance of polyurethane
(PU) starts to change; that results in yellowing of the material from the photochemical degradation of
the surface molecules. In order to prevent or slow this process, research was carried out using CNCs
as a UV stabilizer by Zhang et al. [81]. 3-Glycidyloxypropyl trimethoxysilane (GPTMS) was used to
modify CNC at different concentrations. The GPTMS was hydrolyzed thereafter the CNC was added
and allowed to react over time. Figure 10a shows the proposed reaction scheme during salinization
and interaction between the modified CNC and PU. The modified CNC was then incorporated
into the PU formulation and homogenized to disperse the modified CNC in the PU as shown in
Figure 10b to create the PU/CNC composite. This composite was then exposed to a controlled UV
radiation over time. The results from this study showed that the presence of a modified CNC in
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the PU drastically reduced the yellowing effect of the UV radiation with further reduction observed
with increase in the concentration of the modified CNC. With the addition of 1.5% modified CNC,
the anti-yellowing effect was increased by approximately 58% which demonstrated the effectiveness of
CNC as an antiyellowing agent or a UV barrier agent as observed in Figure 10c. It was postulated that
the addition of the modified CNC inhibited the photo degradation of the CH2 group while preventing
the scissioning of the urethane group.

Figure 10. (a) reaction scheme for the modification of CNC using 3-Glycidyloxypropyl trimethoxysilane
(GPTMS) (reaction scheme 1) and interaction between modified CNC and polyurethane (PU) (reaction
scheme 2), (b) diagrammatic representation of the dispersion of modified CNC within the PU and
(c) bar graph showing the effect of concentration of the modified CNC on the yellowing of PU upon
exposure to UV radiation over a controlled period of time [81].

In another study, CNC was used as a bifunctional filler that provides reinforcement and UV barrier
for poly vinyl alcohol polymer [81]. CNC pulp was oxidized using sodium metaperiodate and then
reacted with sodium 4-amino-benzoate in an HCl solution to produce modified CNC with photo-active
groups attached to it, which was further mechanically disintegrated to form p-aminobenzoic acid
grafted CNC (PABA-CNC). This modified CNC was added to an aqueous polyvinyl alcohol (PVA)
solution at different concentrations. This solution was further degassed and cast to form thin films
which were then used for further tests. The results from the addition of PABA-CNC to PVA on the
UV transmittance revealed that the presence of PABA-CNC in the PVA in comparison to neat PVA
was significantly reduced and was also a function of the concentration of PABA-CNC within the PVA.
Increasing the concentrations of PABA-CNC showed further reduction in UV transmittance with PVA
films containing 0.5 and 10% PABA-CNC reducing the transmittance to 54 and 12%, respectively in
comparison to that of neat PVA film that exhibited 70% transmittance. Likewise, enhancement in
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the mechanical properties such as the tensile strength and modulus of the film was observed with
PABA-CNC incorporation. This increase was also a function of the concentration of PABA-CNC.
Similarly, ethyl cellulose nanoparticles (ECNPs) have been studied as a means to confine or protect UV
filters which tend to create reactive oxygen species when exposed to UV due to photodegradation [81].
Typically, these filters are used for applications in cosmetics, such as sunscreens and can scavenge
carcinogenic reactive oxygen species which can be harmful when they come in contact with the skin.

4.2. Solvent and Chemical Protection

Applications of surface coatings to help protect surface from the surrounding environment is
a common practice in industry in many products today. Some of the applications include the use
of paint on metals to prevent rust, application of clear coat epoxies on plastics and wood to prevent
scratching and UV degradation and biodegradation, respectively. However, clear coat epoxies or
paints for rust prevention do not always have good strength and chemical resistance. The characteristic
properties of CNCs such as excellent strength and reinforcing capabilities at very low loadings due to
its crystallinity and nano-size have lent its service in the application as a functional material in epoxy
surface coatings of metals in a study by Ma et al. [82]. In this study, epoxy containing 1, 1.5 and 2 wt.%
of CNC was thoroughly mixed using a glass rod and then sonicated to ensure proper dispersion and
then brush coated onto mild steel in thin layers. The coated steel was allowed to dry and tested for
its corrosive resistance using electrochemical impedance spectroscopy (EIS) by immersion in 3.5%
sodium chloride over a 30-day period. Similarly, the optical clarity or transmittance was tested using
UV vis analysis to determine the effect of CNC in the epoxy coating. The results from the optical
transmittance showed that with increasing CNC loading, the transmittance dropped to 20% for the
coating containing 2 wt.%. However, the coating containing 1 wt.% CNC was observed to be very
clear with a transmittance of 74%. It was further observed that for all composites, the light drop-off
transmittance was at approximately 300 to 350 nm, which indicates high light absorption with no
light reflections occurring in the UV range of 300 to 400 nm. This indicates that when used in clear
coat applications, this coating (especially at 1 wt.% CNC) can act to prevent UV degradation while
still having high clarity. The corrosion test on the other hand, revealed that the presence of CNCs in
the epoxy significantly increased the corrosion resistance of the epoxy coating. This could be because
the CNC acted as a barrier to the ions from sodium hydroxide solution by creating a tortuous path.
This resulted in preventing complete penetration of the coating, thereby protecting the mild steel
surface. Only the unreinforced epoxy suffered penetration after 1 day of exposure. It was suggested
that this was due to the CNC creating a longer path through which the solution had to travel in order
to come in contact with the mild steel. Electrochemical analysis of the coatings through bode plots
revealed that only the neat epoxy coating showed two-time constants. At day 30, only the unmodified
epoxy continued to reveal two-time constants revealing the remarkable ability of the CNC to act as
an anticorrosion agent. However, for the 2 wt.% CNC loaded epoxy coating, as the test continued over
the 30-day period, the appearance of a two-time constant slowly developed. This was attributed to
the possible agglomeration of the CNCs within the epoxy which did not homogeneously disperse
like those in the 1 and 1.5 wt.% loaded samples. Therefore, exposing unprotected regions within the
epoxy to the solution allowed diffusion of the ions (Na+ and Cl−) towards the mild steel that resulted
in corrosion.

5. Electrical Applications of CNCs

Research into the development of functional applications of CNCs in electroactive materials such
as electrical conductive materials, dielectric materials, microelectronics component etc. is an upcoming
research area with some current materials such as starch [24], proteins and peptides [83] already
being researched for similar applications. The interest for using CNCs in electrical applications is
accrued mainly from its ease of modification, piezoelectric and dielectric properties, and sustainability
attributes similar to other bio-derived materials. Csoka et al. asked the question of whether ultrathin
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films containing well aligned cellulose nanocrystals could exhibit piezoelectric effects stemming
from the collective yield of the individual CNCs [84]. Ultrathin films containing different degrees of
CNC alignment were produced according to a process well described by the authors in a different
publication [85]. The displacement of the film was measured using atomic force microscopy in tapping
mode while an electric field was applied to them. It was observed that the higher the degree of
alignment, the greater the piezoelectric effect. Therefore, the piezoelectricity of the film was dependent
on the orientation of the CNCs. This observation was deduced not only to the alignment of the CNCs
but also due to dipolar orientation and the crystallinity of CNCs in the films. Figure 11a shows the
schematic of Atomic Force Microscopy (AFM) in tapping mode with a diamond tip over ultrathin
films containing aligned CNCs with an electric field applied across it while Figure 11b graphically
demonstrates the effect of applied voltage to the thin films in response to the displacement of the CNCs.
Given the result from this study, ultrathin films with various degrees of CNC alignment can result
to different levels of electro-mechanical actuation, which could potentially be used in applications
such as ultra-sensitive micro balances. For examples, having a high degree of CNC alignment and
concentration can potentially result in ultra-sensitivity of applied forces.

CNCs are able to change polarization densities due to the high level of crystallinity. Likewise,
its dielectric property allows it to be applied as a functional insulating material in different applications.
However, moisture plays a huge role in determining the final dielectric property as it acts as a conductor
of electricity when present in the CNC. For use in dielectric applications, the moisture levels should
typically be ~0.5% [86]. However, due to its hygroscopicity, it usually has a moisture level typically
between 4–8%. This range of moisture content stems from the source of the CNCs and highly dependent
on the cellulose crystallinity as determined from studies on water sorption of cellulose [87,88]. Overall,
the higher the crystallinity of the cellulose, the lower the moisture content will be and vice versa.
Bras et al. studied the dielectric property of two nanocelluloses from wood (nanofibrillated cellulose,
NFC) and algae (Cladophora cellulose) [86]. They found that the moisture sorption capability at low and
high humidity was higher for NFC due to its lower crystallinity. However, contrary to the expectations
that dielectric properties are highly related to crystallinity, a higher dielectric property was observed
for NFC when compared to that of Cladophora cellulose. This was due to the high porosity of Cladophora
cellulose which allowed for air entrapment, subsequently increasing its dielectric loss. It is apparent
that CNCs do have excellent dielectric properties which can be harnessed for electrical insulation
purpose such as in cable insulation, but the effectiveness of this property not only depends on the
source but also on the morphological features [89]. It has also shown that paper from NFCs can be
used to make dielectrics and not just as a substrate, with results comparable to wood, polymer and
glass dielectric substrates [90].

Figure 11. (a) Characterization of well aligned CNC ultrathin film for its dielectric property using
Atomic Force Microscopy (AFM) in tapping mode and (b) effect of voltage on CNC displace
(piezoelectric effect) [84].
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6. Other Applications of CNCs in Advanced Functional Materials

Cellulose nanocrystals have gained a lot of interest as a renewable reinforcing filler due its
biodegradability, low density, higher aspect ratio and excellent mechanical properties. CNCs are
considered for a wide variety of applications since the surface hydroxyl groups of CNC can be
functionalized as per requirement. CNCs obtained through sulfuric acid hydrolysis contain negative
charge on the surface providing electrostatic repulsion between the CNCs. As a result, CNC can
easily be dispersed in polar polymer matrices such as PVA. In the last two decades, applications
of CNC have attracted academia and industrial researchers. Other than its use as a reinforcing
agent, CNCs have demonstrated interesting potential for biomedical, antimicrobial, personal care and
energy applications.

6.1. Polymeric Reinforcement

Cellulose nanocrystals are commonly used as a reinforcing filler in polymer matrices to enhance
their strength. Traditional polymers alone lack strength required for most structural applications,
thus requiring fillers to reinforce them. CNC as a bio-based material provides excellent reinforcement
for polymers. Several studies have shown enhancement in both thermal and physical properties of
polymers at very low concentrations of CNC incorporation due to its nano-size and ability to efficiently
absorb stress from the matrix [21,91,92]. Bras et al. reported the reinforcing effect of CNC in rubber [93].
They found that CNCs were able to enhance the thermomechanical and mechanical properties of rubber.
However, due to the hydrophilicity of the CNCs, the water absorption was increased. This study shows
that CNCs can be used as polymer property enhancement when specific applications are targeted
that do not expose the composites to moisture. Furthermore, reinforcing capabilities of CNC is also
evident in cement as investigated by Cao et al. [94]. The water absorbing property of hydrophilic
CNCs was an advantage in improving the flexural properties of cement paste. It was postulated that
the hydration of the paste was improved when up to 0.2 vol.% of CNC was added, subsequently
leading to flexural strength increase of up to 30%. These examples suggest that CNC can be the future
of nano-polymer composite materials used for construction, automobile parts, furniture, and other
industrial high-strength materials when targeted appropriately for specific materials.

A variety of polymers have been successfully grafted on CNC to modify its surface and obtain
modified CNC with desirable properties. For instance, the use of hydrophobic polymer grafted CNC
in non-polar polymers usually results in improved dispersion and interaction of the CNC with the
polymer and enhances the strength of polymer composites made thereof. In other cases, the grafted
polymer provides functionality attribute to the CNC that expands the application range of CNC. Table 3
shows various polymers grafted to CNC and the achieved attribute as a result of the modification.

Table 3. Polymer Grafted Nanocellulose.

POLYMER
REACTION

MECHANISM
NOTES REFERENCES

POLY(4-VINYLPYRIDINE) (PVP)
Ceric ion initiated radical

polymerization
Thermal degradation temperature

improved by 60 ◦C [25]

POLYMETHYL METHACRYLATE
(PMMA)

Atomic Transfer Radical
Polymerizstion (ATRP)

Thermal stability decreased
(250 ◦C from 295 ◦C)

Water contact angle increased by 17 ◦C
[95]

POLYETHYLENE GLYCOL (PEG) Grafting to Thermal decomposition of grafted
CNC occurs at lower temperature [96]

POLY(ε-CAPROLACTONE) (PCL)
Ring Opening

Polymerization (ROP)

Addition of PCL grafted CNC into
PCL matrix improved young’s
modulus from 231 to 582 GPa

Elongation at break for same matrix
decreased drastically

[97]

JEFFAMINES(POLYETHER AMINE) Grafting-to
Thermo-reversible aggregation

Polymer grafted CNC has lower
surface charge (zeta potential)

[98]
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Table 3. Cont.

POLYMER
REACTION

MECHANISM
NOTES REFERENCES

POLYLACTIC ACID (PLA)
Ring Opening

Polymerization (ROP)
Well dispersed in non-polar solvent,

chloroform [99]

POLYMETHYL ACRYLATE (PMA)
Nitroxide-mediated

Polymaerization (NMP)

CNC grafted PMA was up to 1 wt.%
soluble in THF and acetone

Grafted CNC was not dispersible in
water

[100]

POLY TERT-BUTYL ACRYLATE
(PTBA)

Grafting-to Stable suspension in chloroform,
toluene and acetone [101]

POLYSTYRENE (PS)
Atomic Transfer Radical
Polymerizstion (ATRP)

Can absorb 50% of
1,2,4-Trichlorobenzene (1,2,4-TCB),

organic pollutant
Water contact angle increased by 50 ◦C

[102]

6.2. Biomedical Applications

Biomedical applications of CNC include the use of CNC for medical devices, bioimaging, wound
healing, scaffolds for tissue engineering and controlled drug delivery [103]. A lot of interest in
biomedical application of CNC based materials stems from its biodegradability, biocompatibility, lower
toxicity and excellent mechanical properties. Dong and Roman investigated fluorescently labeled CNC
for bioimaging applications [104]. In this study, CNC was conjugated with fluorescein-5′-isothiocyanate
using epichlorohydrin to study its biodistribution and in vivo interaction using the fluorescence
labelling, which can be beneficial in many biomedical applications. This study showed that the
modified CNC can be used to study interacion with cells. The authors also acknowledged that the
developed functionalized CNC was being further used to study interactions with mammalian cells
in another collaborative study. Drug delivery carriers can sometimes cause biological systems such
as the human body to have immunological responses. Therefore, it is important that drug delivery
systems do not cause adverse effects while performing their functions. A study on the use of CNCs as
carriers for cyclodextrin showed that CNC was efficient as a drug delivery agent as well as having
no adverse effects; immunological responses were observed to be negligible such as the secretion of
pro-inflammatory cytokine, interleukin 1β (IL-1β), by enzyme-linked immunosorbent assay (ELISA)
and mitochondria-derived reactive oxygen species (ROS) using fluorescence cell imaging [105].

CNC is extensively studied for tissue engineering where a scaffold device is used for self-healing
and regeneration. In order to obtain an enhanced performance appropriate material selection for
scaffold is very crucial. Mechanical, physical and biological properties play a vital role in elevated
performance and suitable mechanical integration [106]. Thus, properties such as surface roughness,
topology, porosity, pore size, surface area to volume ratio must be considered [107]. Moreover,
degradation rate of biodegradable material is very important so that the healthy tissue can be restored
while scaffold material gets absorbed. In order to achieve both the mechanical and biological properties
unfilled polymer materials cannot be used in most cases. Thus, nanofillers are incorporated to form
a nanocomposite that provides functional benefits such as mechanical strength, electrical conductivity,
adhesiveness and ability to self-assemble [106,107]. A review on CNC-based biomaterial for tissue
engineering by Domingues et al. [107] extensively describes the use of CNC-PLA composite material
for tissue engineering to fulfill aforementioned requirements for biomedical scaffolding applications.
Along with other biomedical, and pharmaceutical products, CNC can open new doors to new personal
care products [108,109].

6.3. Energy Applications

Energy application of CNC includes the use of cellulose-based composites for energy storage.
With growing environmental concerns, interest has grown in making renewable energy source more
efficient and feasible. An attempt to produce recyclable solar cell from cellulose nanocrystal by
Zhou et al. is a contribution towards the same initiative [110]. While taking advantage of the
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excellent mechanical properties of CNC and silver, a semitransparent electrode recyclable solar cell
was fabricated [110]. However, further improvements were needed to obtain efficient and desirable
performance. Kim et al. reported other energy applications of cellulose based materials such as
energy harvester, display devices, actuators and paper transistors [111]. Excellent mechanical and
biocompatible properties of CNC as well as its ease of functionalization gives it the potential to provide
environmentally friendly and sustainable technologies.

6.4. Smart and Responsive Materials

The application of smart responsive materials has increased in recent times. Smart responsive
materials adapt to external environment and provide response. Changes in stimulus such as
exposure to light, heat, chemicals, magnetic fields can be used to generate mechanically adaptive,
stimuli-responsive materials. Nanocomposite can respond to exposure to external stimuli in various
ways such as swell or shrink, assemble or dissemble or prompts for separation [112]. These changes
generated as a response to stimuli variations can be used to develop a smart material. CNC can be
used as a stimuli-responsive material for sensors and other applications. CNC displays responsiveness
towards pH, light, moisture, heat, chemical and magnetic fields, which adds the stimuli-responsiveness
functionality along with reinforcing capabilities. Changes in pH corresponds with changes in
rheological properties of CNC composites [113]. Way et al. [113] synthesized carboxylated and
amine functionalized CNC to investigate pH responsiveness. By altering the surface chemistry of
CNC, the nanocomposites can be reprogrammed to develop various mechanically adaptable materials.

Since modified CNC has the ability to generate a response to changes in external stimuli, they can
be readily used in sensing applications. Smart CNC-based sensors can be designed for moisture,
ions, organic vapors, and biological species sensing applications. Humidity sensor designed by
Kafy et al. [114] is made from CNC-graphene oxide (GO) composite. CNC and graphene both are
hydrophilic with higher water uptake capacity. CNC-GO film displayed even increased water uptake
capacity which is desirable for moisture sensitivity [114]. The sensing film did not compromise
its performance with temperature change, demonstrating practical use of humidity sensor [114].
Similarly, CNC can be functionalized to make gas sensing material which can detect other organic
and toxic vapors. Moreover, CNC based sensing material can also be used to detect ionic species.
CNC containing pyrene was synthesized to detect ferric (Fe3+) ions [115]. This concept can be further
explored to design a sensing material for different ions, chemical and biological molecules. Other smart
sensors made from CNC include proximity sensor and strain sensor by Sadasivuni et al. [116] and
Wang et al. [117] respectively.

Hydrophilicity of CNC can be used to generate water-responsive mechanically adaptive polymer
matrix. For instance, Pratheep et al. [118] designed a water sensitive styrene-butadiene-rubber (SBR)
and CNC nanocomposite. First of all, the reinforcing capabilities was proven since the modulus of
pure SBR (3 MPa) was improved significantly (to 740 MPa) [118]. CNC aids as a hydrophilic channel
in a hydrophobic matrix for water uptake. CNC is used to generate water-responsive mechanically
adaptive material because upon water swelling, CNC network is disrupted to cause reduction in
modulus [118,119]. Thus physiological variation can lead to change in mechanical properties to design
a mechanically adaptive materials [118]. Mendez et al. [119] also used the water-responsive ability of
CNC to design a smart polyurethane-CNC nanocomposite, which displayed water activated shape
memory effect.

Similar to pH and moisture response adaptive materials, thermal and photonic responsive
materials were also generated. Cellulose nanocrystals grafted with thermoresponsive brushes of
poly (N-isopropylacrylamide) has also been investigated [120–122]. Novel and effective drug therapies
have also been investigated to develop a controlled drug delivery method. Controlled drug release
provides advantages such as maintaining required therapeutic concentration, localized drug delivery
and improve patient compliance, however these novel techniques are yet to be explored to develop
drug delivery materials sensitive to physiological changes [123]. Thus, stimuli-responsive polymeric
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drug delivery processes are typically used for controlled drug delivery. CNCs, being biocompatible and
biodegradable polymer, can be functionalized to develop smart material that offers a great potential in
targeted, controlled drug delivery systems [111,123].

The study of CNC for smart electronic application has also gained enormous interest. In the
Review of Nanocellulose for Sustainable Future Material, Kim et al. [111] has reported various
use of CNC based material in energy and electronics applications. Electroactive paper (EAPap),
which functions based on two principles i.e., ion migration and piezoelectric effect has application in
sensors, actuators, biomimetic robots, and other haptic technology [111,112].

7. Challenges, Future Trends and Conclusions

Although CNCs have many desirable properties, their high hygroscopicity, hydrophilicity
and tendency to aggregate and form bundles, can drastically restrict their applications [3].
These characteristics lead to the formation of flake-like agglomerates in polymer composites due
to surface area and volume effects and the strong intermolecular hydrogen bonding between CNC
particles [64]. Aggregation of CNC particles can significantly hinder the performance of the matrices.
This suggests that the issue with agglomeration of CNCs must be resolved to achieve its touted
reinforcing performance when used as a filler in polymeric and other applications. However,
its hydrophilic nature can also play a positive role in enhancing hybrid systems such as cement paste.
Therefore, the inherent properties of CNCs are typically deemed as negative can be advantageous
and geared towards specific applications. However, the properties can be modified to reduce or
completely eliminate its effects as a durable functional material. During CNC modification, it is
important to limit the modification only to its surface so as to preserve its structural and morphological
integrity [36]. However, the reality is that most CNC modifications involve aggressive oxidization to
increase the concentration of hydroxyl groups on its surface to be used as anchor points for further
modifications. This usually effects its structural integrity and crystallinity, which could subsequently
alter its mechanical properties. Therefore, new and less aggressive modification processed and/or
chemicals need to be developed to achieve the same level of modifications as currently used.

Though CNCs have excellent thermal stability in comparison to other bio-based fibers, long term
durability of products is of concern when it is incorporated or used as a functional material. Moreover,
commercial products intending to apply CNCs in functional applications need multiple and abundant
sources. Currently, the majority of CNC production is limited to North America and to some
Scandinavian countries (e.g., Sweden, Finland) [124]. Expected rise in CNC production in the future
will definitely give raise to the application on an industrial scale [18].

The versality of CNC functionalization can be the future of sustainable, biocompatible, and
biodegradable material for a variety of applications, especially with the current environmental concerns
such as climate change from greenhouse gases from production and use of petroleum derived materials.
Due to its abundance across the globe, bio-renewability and the fast-growing technologies on its
production, CNCs are becoming the focus of product development and research as observed from
the numerous researches published on CNCs in recent years. Therefore, it is foreseeable that in
the nearest future, CNCs will be widely and extensively found in the medical, electronics, oil and
gas, biotechnology and food industries just to mention a few. CNCs have also been shown to be
a viable option to potential replace synthetic materials for functional applications in various industries.
As CNCs continue to gain great attention from researchers all over the world, more understanding
and applications with improved technology towards production will rapidly be developed thereby
taking CNCs from lab to industrial scale.

Author Contributions: Conceptualization, P.P., E.O., T.M.; writing—original draft preparation, P.P. and E.O;
writing—review and editing, P.P., E.O., T.M; supervision, T.M.; project administration, T.M.; funding acquisition,
T.M.

Funding: The authors acknowledge the financial support of InnoTech Alberta through the CNC Challenge grant.

Acknowledgments: We thank our colleagues in the same group for the insightful discussions on the subject matter.

83



Processes 2019, 7, 10

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Habibi, Y.; Lucia, L.A.; Rojas, O.J. Cellulose Nanocrystals: Chemistry, Self-Assembly, and Applications.
Chem. Rev. 2010, 110, 3479–3500. [CrossRef] [PubMed]

2. Bettaieb, F.; Khiari, R.; Dufresne, A.; Mhenni, M.F.; Belgacem, M.N. Mechanical and thermal properties of
Posidonia oceanica cellulose nanocrystal reinforced polymer. Carbohydr. Polym. 2015, 123, 99–104. [CrossRef]

3. Lu, P.; Hsieh, Y.-L. Preparation and properties of cellulose nanocrystals: Rods, spheres, and network.
Carbohydr. Polym. 2010, 82, 329–336. [CrossRef]

4. Eyley, S.; Thielemans, W. Surface modification of cellulose nanocrystals. Nanoscale 2014, 6, 7764–7779.
[CrossRef] [PubMed]

5. Wang, B.; Sain, M.; Oksman, K. Study of Structural Morphology of Hemp Fiber from the Micro to the
Nanoscale. Appl. Compos. Mater. 2007, 14, 89–103. [CrossRef]

6. Ogunsona, E.O.; Misra, M.; Mohanty, A.K. Accelerated hydrothermal aging of biocarbon reinforced nylon
biocomposites. Polym. Degrad. Stab. 2017, 139, 76–88. [CrossRef]

7. Ogunsona, E.O.; Misra, M.; Mohanty, A.K. Sustainable biocomposites from biobased polyamide 6,10 and
biocarbon from pyrolyzed miscanthus fibers. J. Appl. Polym. Sci. 2017, 134. [CrossRef]

8. Ogunsona, E.O.; Misra, M.; Mohanty, A.K. Influence of epoxidized natural rubber on the phase structure
and toughening behavior of biocarbon reinforced nylon 6 biocomposites. RSC Adv. 2017, 7, 8727–8739.
[CrossRef]

9. Ogunsona, E.O.; Misra, M.; Mohanty, A.K. Effects of Accelerated Aging on the Flammability of Polypropylene
Based Biocomposites. In Proceedings of the ANTEC Conference Proceedings, Orlando, FL, USA,
23–25 March 2015.

10. Ogunsona, E.O.; Codou, A.; Misra, M.; Mohanty, A.K. Thermally Stable Pyrolytic Biocarbon as an Effective
and Sustainable Reinforcing Filler for Polyamide Bio-composites Fabrication. J. Polym. Environ. 2018.
[CrossRef]

11. Ogunsona, E.O.; Misra, M.; Mohanty, A.K. Impact of interfacial adhesion on the microstructure and property
variations of biocarbons reinforced nylon 6 biocomposites. Compos. Part A Appl. Sci. Manuf. 2017, 98, 32–44.
[CrossRef]

12. Ilyas, R.A.; Sapuan, S.M.; Sanyang, M.L.; Ishak, M.R.; Zainudin, E.S. Nanocrystalline Cellulose as
Reinforcement for Polymeric Matrix Nanocomposites and its Potential Applications: A Review. Curr. Anal.
Chem. 2018, 14, 203–225. [CrossRef]

13. Shojaeiarani, J.; Bajwa, D.S.; Stark, N.M. Green esterification: A new approach to improve thermal and
mechanical properties of poly(lactic acid) composites reinforced by cellulose nanocrystals. J. Appl. Polym.
Sci. 2018, 135, 46468. [CrossRef]
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Abstract: Aiming to further improve the dust suppression performance of the dust suppressant,
the present study independently develops a new type of biodegradable environmentally-friendly
dust suppressant. Specifically, the naturally occurring biodegradable soybean protein isolate (SPI)
is selected as the main material, which is subject to an anionic surfactant, i.e., sodium dodecyl
sulfonate (SDS) for modification with the presence of additives including carboxymethylcellulose
sodium and methanesiliconic acid sodium. As a result, the SDS-SPI cementing dust suppressant is
produced. The present study experimentally tests solutions with eight different dust suppressant
concentrations under the same experimental condition, so as to evaluate their dust suppression
performances. Key metrics considered include water retention capability, cementing power and dust
suppression efficiency. The optimal concentration of dust suppressant solution is determined by
collectively comparing these metrics. The experiments indicate that the optimal dust suppressant
concentration is 3%, at which level the newly developed environmentally-friendly dust suppressant
solution exhibits a decent dust suppression characteristic, with the water retention power reaching its
peak level, and the corresponding viscosity being 12.96 mPa·s. This performance can generally meet
the requirements imposed by coal mines. The peak efficiency of dust suppression can reach 92.13%.
Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM) were used
to analyze the dust suppression mechanism of the developed dust suppressant. It was observed that
a dense hardened shell formed on the surface of the pulverized coal particles sprayed with the dust
suppressant. There is strong cementation between coal dust particles, and the cementation effect is
better. This can effectively inhibit the re-entrainment of coal dust and reduce environmental pollution.

Keywords: soybean protein isolate modification; dust suppressant; performance characterization;
optimal concentration; analysis of dust suppression mechanism

1. Introduction

Coal serves as the fundamental source of energy in China. Throughout the foreseeable future,
coal will still occupy a significant proportion of primary energy in China [1–5]. During the outdoor
storage of coal piles and railroad transportation of coal, a large amount of coal dust may be generated,
which not only causes the loss of coal and waste of natural resources, but also leads to severe
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environmental pollution [6–12]. Besides, as for coal piles, the dust dispersion can adversely impact
the normal operation of electric and mechanical equipment as well as the monitoring system, leading
to a shortened lifespan. More seriously, the increase of dust concentration can pose a major threat to
operational safety, triggering the occurrence of accidents [13–17]. The traditional dust suppression
methods include water spray and tarp coverage, which are unfavorable due to high cost and poor
long-term dust suppression performance. Therefore, scholars in the international community have
started to develop chemical-based dust suppression methods, which have proven to be promising
in many dust suppression applications [18–24]. Overall, the chemical dust suppressant is highly
favored considering its dust suppression effect, economic viability and environmental-friendliness,
and therefore has a vast potential for future development [25–30]. The chemical dust suppressant
functions effectively on open dust sources, and therefore this technology has been widely applied to
those enterprises with a major generation of coal dust, such as railroad transportation departments,
dumping sites and thermal power plants [31–36]. In recent years, the domestic and foreign research on
chemical dust suppressant is shifting its focus to enhancing recyclability, environmental-friendliness,
and efficiency [37–42]. Bao et al. [43] took corn starch as the main raw material and developed a
kind of super absorbent dust suppressant by chemical modification method, which can effectively
inhibit the dust diffusion during coal transportation. Grogan [44] conducts research on combining the
byproduct of biodiesel production, i.e., glycerol, with surfactant, polyhydroxy esters and acrylic acid
compound to produce a dust suppressant, with its performance being characterized. The prepared
suppressant has a decent dust suppression effect and is environmentally friendly. Zhang et al. [45]
employs glasswort as the raw material, which is blended with sodium dodecylbenzene sulfonate
and carboxylmethyl cellulose as the additives to produce an ecologically friendly dust suppressant.
Zhang et al. [46] prepared a degradable dust suppressant by chemical modification using a polymer
material guar gum as the main raw material. The dust suppressant has good wettability and water
retention. Yang et al. [47] utilizes film coalescing aid, fatty alcohol polyoxyethylene ether and polyvinyl
alcohol as the raw materials to develop a dust suppressant with a decent ability to withstand rainfall
and wind, making it primarily applied to coal transportation. The spray of this suppressant causes a
thick hardened layer to form on the particles surface, resulting in a long dust suppression duration.
Polat H. et al. [48] uses Polyethylene oxide (PEO)/PO as the raw material to synthesize a dust
suppressant, which can effectively wet the coal dust during the mining process while mitigating the
equipment corrosion.

The application of cementing dust suppressant is an effective method for preventing and
controlling dust dispersion, with cementing power, water retention ability and dust reduction
efficiency being the key factors dictating the dust suppression performance of the cementing
dust suppressant. Although those aspects have been extensively discussed by domestic and
overseas scholars, their studies are mainly focused on certain individual characteristics, without
covering the entire suite of metrics [49–53]; also, those cementing dust suppressants are subject
to certain disadvantages, including toxicity, lack of biodegradability, and the tendency to cause
secondary pollution, etc. [54–60]. To address the aforementioned problems, the present study uses
biodegradable and environmentally-friendly soybean protein isolate (SPI) as the main material.
SPI is a main ingredient of soybean. It contains a large amount of active functional groups,
and is favored for its biodegradability, and available from various resources. It is therefore an
environmentally-friendly material for producing environmentally-friendly and pollution-free dust
suppressant [61–69]. The present study uses sodium dodecyl sulfonate to modify the SPI while adding
carboxymethylcellulose sodium and methanesiliconic acid sodium to the mixture so as to develop a
new type of environmentally-friendly naturally-occurring macromolecular dust suppressant, namely
SDS-SPI cementing dust suppressant; subsequently, the present study experimentally measures a suite
of performance metrics associated with the newly developed dust suppressant, based on which the
optimal dust suppressant concentration is determined. At the same time, the research results also
provide ideas for the development of other types of high-efficiency environmental dust suppressants.
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2. Experiments

2.1. Main Equipment and Raw Materials

The reagents and equipment used in the present study are listed in Tables 1 and 2.

Table 1. Primary raw materials used in the experiment.

Chemical Name
Chemical
Formula

Purity Manufacturer

Soybean protein isolate C13H10N2 BR Sinopharm Chemical Reagent Co., Ltd.,
Beijing, China

Carboxymethylcellulose
sodium C8H11O7Na CP Xiya Reagent Co., Ltd., Chengdu, China

Methanesiliconic acid
sodium CH5SiO3Na CP Shandong Yousuo Chemical Technology

Co., Ltd., Qingdao, China
Sodium dodecyl

sulfonate C12H25OSO3Na Tech Shandong Yousuo Chemical Technology
Co., Ltd., Qingdao, China

Notes: BR indicates that the chemical reagent is a biochemical reagent; CP indicates chemical purity; Tech indicates
an industrial reagent.

Table 2. Key experimental equipment and specifications.

Experimental Equipment Specifications Manufacturer

Rotary viscometer NDI-79 Shanghai Precision Instrument Co., Ltd.
Shanghai, China

High-Resolution Scanning
Electron Microscope Nova Nano SEM Shanghai Casting Gold Analytical Instruments

and Equipment Co., Ltd. Shanghai, China
Fourier-transform infrared

spectroscope Nicolet (iS10) Beijing Kaifeng Fengyuan Technology Co., Ltd.
Beijing, China

Coal mine dust sampler AKFC-92 Qingdao Lubo Weiye Environmental Protection
Technology Co., Ltd. Qingdao, China

Mine energy-saving axialfan ASZ-11.2 Zibo Jinhe Fan Co., Ltd. Zibo, China

2.2. Preparation of SDS-SPI Cementing Dust Suppressant

Put 7.50 g of SPI (Sinopharm Chemical Reagent Co., Ltd., Beijing, China), 0.15 g of sodium
dodecyl sulfonate (SDS, Shandong Yousuo Chemical Technology Co., Ltd., Qingdao, China), 0.15 g
of carboxymethylcellulose sodium (CMC, Xiya Reagent Co., Ltd., Chengdu, China) and 140 mL of
water in a three-neck round-bottom flask with sufficient stirring. Raise the temperature of the solution
to 60 ◦C and let the reaction last for one hour at this temperature. Then let the solution cools down.
2.50 g of 30% methanesiliconic acid sodium was added to the solution, followed by stirring it evenly.
The experiment finally developed a SDS-SPI cementing dust suppressant with a soy protein isolate
concentration of 5%. The stirring speed is controlled to be 60–80 r/min throughout the reaction
process to prevent the solution from foaming in a large amount. In the process of application, the dust
suppressant solution was diluted by different multiples, resulting in modified SDS-SPI cementing
dust suppressant solutions whose SPI concentrations are 1%, 1.5%, 2%, 2.5%, 3%, 3.5%, 4% and
5%, respectively.

2.3. Application of SDS-SPI Cementing Dust Suppressant

The coal samples used in the experiment were coking coal from the 20,206 fully mechanized
working face of Zaozhuang Corporation’s Jiangzhuang, Shandong province. Coal samples were
ground into pulverized coal using a planetary motion micro mill, and then fine pulverized coal with
particle size less than 3 mm was screened through a sieve with a hole size of 3 mm. The prepared coal
sample is dried in a vacuum drying chamber (Shanghai lang gan experimental equipment co., LTD,
Shanghai, China) at a temperature of 100 ◦C. The fine coal particles with a particle size of 0–3 mm was
placed in 9 Petri dishes. The extrusion method was used to flatten the surface of the sample and then
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eight kinds of dust suppressant solutions with different SPI concentrations were evenly sprayed onto
the corresponding eight coal samples with a density of 2 L/m2. The ninth coal sample was evenly
sprayed with water.

3. Characterization of Properties

3.1. Experimental Characterization of Water Retention Performance of Dust Suppressant

The water retention of a dust suppressant can be measured through its ability to resist evaporation.
Under the same experimental condition, an improved water retention of dust suppressant corresponds
to an enhanced anti-evaporation characteristic, leading to an improved dust suppression effect.
The anti-evaporation characteristic of a solution can be measured with the evaporation rate, where
a low evaporation rate indicates a good anti-evaporation performance. Therefore, the present
experiment characterizes the dust suppressant’s water retention based on measuring the evaporation
rate. The experimental procedure is outlined below: under the same experimental condition, put the
desiccated coal sample in a labeled clean Petri dishes; evenly spray the prepared SDS-SPI cementing
dust suppressant solutions at different concentrations over the surface of coal sample at 2 L/m2. Weigh
the sample after its absorption of solution reaches a sufficient level. Then put the sample in a vacuum
drying chamber and keep the temperature at 60 ◦C (Figure 1). At a set interval, take the sample out
of the oven and weigh its mass; the evaporation rate can thereby be calculated with Equation (1).
The final results, as shown in Table 3, can be obtained by linear fitting between measurement results
and time. The corresponding fitted curves are shown in Figures 2 and 3.

θ =
W1 − W2

A T
(1)

where θ denotes the where evaporation rate of dust suppressant (g·m−2·s−1); W1 denotes the coal
sample mass before evaporation (g); W2 denotes the coal sample mass post evaporation (g); A denotes
the evaporation area of coal sample (m2); and T denotes the evaporation time (s).

 
Figure 1. Vacuum drying chamber with a preset temperature.
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Table 3. Evaporation rate of dust suppressant (g·m−2·s−1).

Sample (%)
Time (h)

0.5 1 1.5 2 2.5 3 4 5 6 8 10 12

water 0.062 0.055 0.051 0.042 0.038 0.023 0.015 0.012 0.008 0.008 0.005 0.005
1 0.058 0.052 0.047 0.039 0.035 0.021 0.013 0.013 0.008 0.007 0.003 0.003

1.5 0.045 0.042 0.036 0.034 0.028 0.021 0.012 0.009 0.009 0.007 0.007 0.004
2 0.043 0.040 0.035 0.031 0.025 0.019 0.011 0.008 0.008 0.006 0.006 0.004

2.5 0.031 0.029 0.023 0.017 0.015 0.015 0.010 0.005 0.005 0.003 0.003 0.002
3 0.030 0.028 0.023 0.016 0.012 0.010 0.009 0.006 0.004 0.004 0.002 0.002

3.5 0.034 0.030 0.025 0.018 0.013 0.013 0.011 0.008 0.007 0.004 0.004 0.003
4 0.042 0.038 0.034 0.029 0.024 0.014 0.010 0.009 0.008 0.008 0.005 0.005
5 0.048 0.043 0.035 0.026 0.022 0.018 0.014 0.011 0.010 0.009 0.006 0.006

Figure 2. Trend chart of sample evaporation rate with time (concentration 0%, 1%, 1.5%, 2%, 2.5%).

Figure 3. Trend chart of sample evaporation rate with time (concentration 3%, 3.5%, 4%, 5%).

95



Processes 2019, 7, 165

It can be seen in Table 3, Figures 2 and 3 that at the same time and under the same experimental
condition, the evaporation rate of clean water is the highest, followed by the evaporation rate of 1% dust
suppressant solution. The water evaporation rates of dust suppressant solutions with concentrations
between 2.5% and 3.5% are relatively small. It can be inferred from Figures 2 and 3 that the 2.5%
and 3% dust suppressant solutions exhibit the smallest evaporation rate, and their evaporation rate
curves are relatively flat, corresponding to limited variation of the evaporation amount within the
same time window; a further comparison indicates that compared to 2.5% dust suppressant, the 3%
dust suppressant solution has the lowest evaporation rate, and its curve does not undergo any major
change, implying that its anti-evaporation characteristic, water retention ability and dust suppression
effect are the best.

3.2. Viscosity Testing Experiments

The viscosity of coal dust suppressant is a key technical indicator associated with the applicability
of samples. This experiment used an NDJ-79 rotational viscometer (Shanghai Precision Instrument
Co., Ltd., Shanghai, China) with its rotating shaft suspended from the equipment. Add a 50 mL fluid
sample to the test vessel and insert the spindle into the liquid until the level mark on the top of the
spindle is immersed in the water. Then adjust the speed knob to keep the speed at 75 rpm. Based
on this condition, the viscosity of the prepared SDS-SPI cement dust suppressant solution diluted
to various concentrations was measured under the same conditions. The measurement is repeated
for three times for each sample, with the mean value treated as the final viscosity of the sample.
The measurement results are shown in Table 4; meanwhile, prepare a solution containing SPI only,
and measure its viscosity under the same experimental condition, with the measurement results shown
in Table 5; finally, one can compare the measurement results derived from two groups, as illustrated in
Figure 4, where (A) denotes the viscosity of SPI solution at various concentrations, and (B) denotes the
viscosity of modified SDS-SPI cementing dust suppressant solutions at various concentrations.

Table 4. Viscosities of sodium dodecyl sulfonate-soybean protein isolate (SDS-SPI) cementing dust
suppressant solutions.

Number
Concentration

1% 1.5% 2% 2.5% 3% 3.5% 4% 5%

1# 3.68 6.20 10.20 13.28 16.20 19.40 22.48 21.84
2# 3.48 6.76 10.72 12.84 16.76 20.84 21.80 22.72
3# 3.04 7.20 9.56 12.76 16.60 20.72 20.64 22.88

Average Viscosity (mPa·s) 3.40 6.72 10.16 12.96 16.52 20.32 21.64 22.48

Table 5. Viscosities of SPI solutions.

Number
Concentration

1% 1.5% 2% 2.5% 3% 3.5% 4% 5%

1# 1.80 3.40 5.01 6.32 8.52 10.29 11.36 12.21
2# 1.92 3.48 5.27 6.59 8.31 10.35 11.44 12.38
3# 1.64 3.32 5.08 7.01 8.61 10.44 11.64 12.61

Average Viscosity (mPa·s) 1.80 3.40 5.12 6.64 8.48 10.36 11.48 12.40
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Figure 4. Viscosity histogram.

Figure 4 shows that the viscosity of modified SDS-SPI cementing dust suppressant solution
increases rapidly with SPI concentration. The viscosity value is increased substantially compared to
the viscosity of the solution with SPI only; as the concentration of SPI in the solution reaches 1.0%,
the viscosity of dust suppressant solutions 3.40 mPa·s; as the solution concentration reaches 2.5%,
the viscosity of the solution with SPI is merely 6.64 mPa·s, whereas the viscosity of the modified
dust suppressant solution has reached 12.96 mPa·s, which is more than twice that of pure SPI
solution. Therefore, the dust suppression effect of SDS-SPI cementing dust suppressant solution
is more pronounced. As for the dust suppressant solution used in coal mines, considering the
economic cost and the dust suppression effect, it would be non-ideal to have an excessively high
viscosity. Usually the range of viscosity lies between 12.0–20.0 mPa·s. For this reason, the SDS-SPI
cementing dust suppressant solution with concentration above 2.5% can meet the requirement posed
by coal mines.

3.3. Measurement of Dust Suppression Efficiency

The dust suppression efficiency can be employed as a direct metric to indicate the dust suppression
effect of a dust suppressant. The present experiment is carried out based on the air tunnel simulation
platform located at the Dust Control Laboratory of Shandong University of Science and Technology,
as shown in Figure 5. The air tunnel simulation platform consists of aTDI8000-0750G-4T Infinitely
Variable Inverter (Yueqing Taida Electrical Technology Co., Ltd., Wenzhou, China) and aSZ-11.2
Axial Fan (Zibo Jinhe Fan Co., Ltd., Zibo, China) (as shown in Figure 6), both of which are made
in China. Under the regulation of the inverter, the axial fan can mimic natural wind, whose peak
velocity can reach 32 m/s. Place the sample with hardened shell on the platform, and keep the air
speed at the sample location at 14~16 m/s. Collect samples, i.e., particles suspended in the air with
sizes less than 100 μm, with a coal mine dust sampler (as shown in Figure 7) at the location 3.0 m
downstream of the sample. The sampling process is conducted in a continuous mode, with flow rate
maintained at 20 L/min. The sampling duration is 30 min. Firstly, one needs to test the air in the
experimental chamber for measuring the background concentration; subsequently, the coal sample
sprayed with clear water is tested, with the corresponding coal dust concentration measured; as the
next step, coal samples treated with dust suppressants of eight different concentrations are tested in
a sequential manner, with the corresponding coal dust concentrations in the air recorded. During
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the post-processing stage, the dust suppression efficiency of each test can be calculated according to
Equation (2). Figure 8 illustrates the testing results.

ρ =

(
1 − θx − θ0

θ1 − θ0

)
× 100% (2)

where ρ denote the dust suppression efficiency (%); θ0 denote the background dust concentration
inside experimental chamber (mg/L); θ1 denote the dust concentration for coal sample with clear
water treatment (mg/L); and θx denote the dust concentrations for coal samples treated with different
dust suppressants (mg/L).

  
Figure 5. Air tunnel simulation apparatus.

 

Figure 6. SZ-11.2axial fan.

 
Figure 7. Coal mine dust sampler.
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Figure 8. Dust suppression efficiency of sodium dodecyl sulfonate-soybean protein isolate (SDS-SPI)
cementing dust suppressants.

Figure 8 shows that as the solution concentration of SDS-SPI cementing dust suppressant
increases, the dust suppression efficiency climbs rapidly. As the mass concentration reaches 3.0%,
the suppressant’s dust suppression efficiency on coal dust peaks at 92.13%; subsequently, the dust
suppression efficiency starts to drop, which is primarily due to the fact that an increase of viscosity
causes the surface tension of SDS-SPI cementing dust suppressant solution on coal dust surface to
increase, leading to a subdued wettability with respect to the coal dust. This change compromises the
dust suppression efficiency.

In summary, as the mass concentration of SDS-SPI cementing dust suppressant solution stays
at 3.0%, its viscosity assumes a value of 16.52 mPa·s, which is considered adequate for coal mine
application; meanwhile, the anti-evaporation characteristic and the dust suppression efficiency of the
dust suppressant solution both reach optimal level under this concentration. Therefore, based on a
comprehensive comparative study covering the factors elaborated above, it is determined that the
optimal concentration of the current SDS-SPI cementing dust suppressant solution is 3%.

4. Analysis of Dust Suppression Mechanism

4.1. Infrared Spectra Tests

The current experiment was tested using a Nicolet iS10 Fourier-Transform infrared spectrometer
(Beijing Kaifeng Fengyuan Technology Co., Ltd., Beijing, China). First, the sample was mixed with
potassium bromide in an agate mortar at a ratio of 1:200. The ground mixture powder was then
made into transparent thin pellets for testing. The test measurement range is between 4000 and
500 cm−1, and each sample is scanned 6 times. The infrared spectrum before and after SPI modification
is shown in Figure 9, where (A) is the spectrum of SPI, and (B) is the corresponding spectra after
SPI modification.
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Figure 9. The infrared spectra of SPI before and after the SDS modification.

Figure 9 shows the infrared spectra of SPI before and after SDS modification. As can be seen
from the figure, the wave number of 3379.33 cm−1 mainly corresponds to the spectral peaks of –NH,
–OH and sulfonamide bond; The wave number 2800 cm−1 corresponds to the absorption peak of CH2.
Wave number 1653.69 cm−1 corresponds to C=O stretching peak in band I of amide; The wave number
of 1529.78 cm−1 corresponds to the superposition peaks of N–H bending vibration and C–N stretching
vibration in band II, as well as the absorption peaks of sulfa bonds. The wave number of 1393.1 cm−1

corresponds to the characteristic peaks of sulfa bond and COO–. The wave numbers of these two
peaks are 1653.69 cm−1 and 1529.78 cm−1 respectively, which correspond to the characteristic spectral
peaks and their bending vibration of the benzene ring in the C–H [70–75].

After modification, the spectral peaks at 3379.33 cm−1 and 1393.1 cm−1 in Figure 9B (representing
the sulfonamide bond) moved to the left with a slight increase in amplitude, indicating that the
addition of anionic surfactant SDS in the modification of SPI with anionic surfactant SDS would
destroy the dense structure existing in SPI and relax SPI. This process may result in the formation of
protein-surfactant (SDS-SPI) complex chemicals. In addition, loose connections between domains are
compromised, resulting in a decrease in the molecular weight of the protein, which can be enhanced
if it occurs within a certain range [76–82]. At the same time, comparing the results before and after
the modification, it was found that the modified SDS-SPI moved to the left at the absorption peaks
of 3377.33 cm−1, 2800 cm−1 and 1393.1 cm−1 during the strengthening process. This indicates that
the amount of newly formed SDS-SPI composite chemicals increases, leading to an increase in the
relaxation degree of SPI structure. At the same time, the internal hydrophobic functional group is
transformed outward, which improves the water solubility of SPI. The more relaxed the protein
structure, the more functional groups, the better the coal dust cementing effect. Although the peaks
of 1653.69 cm−1 and 1529.78 cm−1 were basically stable, the intensity increased slightly, indicating
that the benzene ring entered the SPI molecular structure, further confirming the formation of SDS-SPI
complex chemistry. At the same time, under the influence of SDS, a group of different hydrophilic
functional groups move inward and the hydrophobicity is enhanced. CMC is a commonly used
viscosifier that enhances the viscosifying effect of the anionic surfactant SDS. Methanesiliconic acid
sodium is a water-resistant enhancer that interacts with CO2 in the air to cause polycondensation
between molecules to form a macromolecular structure that is spatially interconnected. The hydrophilic
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hydroxyl group in the polycondensation process is converted into a hydrophobic Si–O bond, so that
the reagent has strong water resistance.

4.2. Scanning Electron Microscope (SEM) Experiments

The current experiment employs D-type high-resolution SEM to investigate the surface
morphology of the sample. Three sets of samples are selected, and the coal powder used here is
coking coal derived from the 20206 mechanized mining face of Shandong Zaozhuang Corporation’s
Jiangzhuang Coal Mine. A planetary motion micro mill is used to grind the coal chunks into fine
powder for the tests. Figure 10 shows the 5000× SEM image of dry coal powder; Figure 11 shows
the 5000× SEM photo of coal powder treated with SPI only; Figure 12 shows the 5000× SEM photo
of coal powder treated by the developed SDS-SPI cementing dust suppressant solution with optimal
spray concentration.

 
Figure 10. 5000× SEM image of dry coal powder.

 

Figure 11. SEM photo of coal powder treated with SPI.
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Figure 12. 5000× SEM image of coal powder treated by the developed SDS-SPI cementing dust
suppressant solution with optimal spray concentration.

In order to study the effect of dust suppressant on the cementation hardening effect of pulverized
coal before and after modification, three groups of pulverized coal were scanned by SEM in this study.
The surface morphology is shown in Figures 10–12. Figure 10 is a 5000× SEM image of the surface
morphology of the dry powder. Under this circumstance, it was found that the shape and size of the
coal dust particles changed greatly, the particle spacing was large, and there was a lack of cementation
between the particles. In this case, the coal powder is highly susceptible to the dispersion of air,
causing dust pollution. Figure 11 shows the SEM pulverized coal 5000× SEM image. The study found
that the coal dust particles are tightly bonded and the cementation spacing is small. This is mainly
driven by the viscosity of the SPI. Figure 12 is a 5000× SEM image of pulverized coal treated with
the optimal concentration of the developed SDS-SPI cementing dust suppression solution. It can be
seen from the yellow circle area in the figure that the coal powder particles are tightly cemented, the
cementation strength is high, and the cementation spacing between the coal powder particles is small.
This indicates that the viscosity of the SDS-SPI compound chemical modification is increased, which is
consistent with the viscosity test results of this study; the SDS-SPI cementing dust suppression solution
modified by SPI can form a dense layer on the surface of the coal powder. The hardened shell layer
cements pulverized coal particles of different particle sizes, and the cementing effect is good, thereby
suppressing the re-flying of coal dust.

5. Conclusions

(1) The newly developed environmentally-friendly dust suppressant uses SPI as the main
cementing ingredient, carboxymethylcellulose sodium as the viscosity enhancer, and methanesiliconic
acid sodium as the water resisting additive. Based on modifying SPI with anionic surfactant sodium
dodecyl sulfonate, a novel biodegradable environmentally-friendly cementing dust suppressant
is prepared.

(2) It is best to use anionic surfactant (SDS) to modify SPI so as to destroy and relax its original
compact sphere structure, forming protein-surfactant (SDS-SPI) composite chemical. After the
modification, the hydrophobic functional groups inside the protein-surfactant composite chemical
move outward, allowing the coal dust to better absorb the hydrophobic functional groups such that
the coal dust is more thoroughly cemented for delivering the dust suppression effect.

(3) Compared to SPI solution, the modification further improves the viscosity and water
retention of the SDS-SPI cementing dust suppressant solution; based on a comprehensive comparison
concerning water retention, viscosity and dust suppression efficiency of dust suppressant, the optimal
concentration of dust suppressant solution is finally determined to be 3%. At this level, the

102



Processes 2019, 7, 165

anti-evaporation and water retention characteristics are optimal, with the dust suppression effect
being maximized.

(4) The present study conducts SEM high-resolution scanning over the surfaces of native coal
powder, coal powder with SPI, and coal powder with dust suppressant at optimal concentration.
At 5000×, it is found that the coal powder particles are compactly cemented when the dust suppressant
at optimal concentration is applied, exhibiting a strong cementing power. Also, a layer of compact
hardened shell forms at the surface, leading to a decent dust suppression effect.

(5) SPI, as the main material used in the present experiment, contains a large number of functional
groups, which has an array of favorable properties, including being naturally occurring and being
biodegradable. This further demonstrates that the independently developed dust suppressant is
biodegradable, environmentally-friendly and clean, and does not pose any threat to the environment.
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Abstract: Pressing issues such as a growing energy demand and the need for energy diversification,
emission reduction, and environmental protection serve as motivation for the utilization of biomass
for production of sustainable fuels. However, use of biomass is currently limited due to its high
moisture content, relatively low bulk and energy densities, and variability in shape and size, relative
to fossil-based fuels such as coal. In recent years, a combination of thermochemical treatment
(torrefaction) of biomass and subsequent pelletization has resulted in a renewable fuel that can
potentially substitute for coal. However, production of torrefied wood pellets that satisfy fuel quality
standards and other logistical requirements typically requires the use of an external binder. Here,
we describe the development of a renewable binder from proteinaceous material recovered from
specified risk materials (SRM), a negative-value byproduct from the rendering industry. Our binder
was developed by co-reacting peptides recovered from hydrolyzed SRM with a polyamidoamine
epichlorohydrin (PAE) resin, and then assessed through pelleting trials with a bench-scale continuous
operating pelletizer. Torrefied wood pellets generated using peptides-PAE binder at 3% binder level
satisfied ISO requirements for durability, higher heating value, and bulk density for TW2a type
thermally-treated wood pellets. This proof-of-concept work demonstrates the potential of using an
SRM-derived binder to improve the durability of torrefied wood pellets.

Keywords: bioenergy; torrefied wood; pelletization; wood pellets; specified risk materials; binder

1. Introduction

In recent years, torrefaction of biomass has gained popularity for its ability to improve the fuel
properties of the treated material [1–6]. In torrefaction, biomass is heated in the temperature range
of 200–300 ◦C in the absence or very limited supply of oxygen, typically for 1 h. This pre-treatment
of biomass removes volatiles and yields a thermally treated product (called torrefied biomass) that
typically contains 70% of the mass, but 90% of the energy, of the original crude biomass. The conversion
results in a product with an energy density that is roughly 1.3 times higher on a mass basis [1,2].
Additionally, torrefaction of biomass results in a significantly reduced moisture content, and improved
grindability and hydrophobicity [1–3,7], which are all desirable attributes for a fuel destined for
co-combustion in coal-firing power plants.
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Despite the improved qualities achieved through torrefaction, the torrefied biomass has a
lower volumetric energy density (typically 4–5 GJ/m3) than that of coal (18–24 GJ/m3) [4], and the
process of torrefaction leads to increased dust formation, which poses difficulties for handling and
transportation [1,2,4]. The combination of torrefaction and densification (i.e., by pelletization) has been
reported to resolve these issues [2,3,7,8]. Torrefied wood pellets have bulk density of up to 850 kg/m3

and a net calorific value in the range of 20–24 MJ/kg, corresponding to a volumetric energy density of
14–18.5 GJ/m3 [4,7], which is comparable to that of sub-bituminous coal (16–17 GJ/m3) [7]. Consequently,
torrefied wood pellets, which are also referred to as densified biocoal [1,3,4], are becoming an attractive
renewable fuel for major end-use applications such as co-firing and co-gasification in coal fired
powerplants [4,8–10].

Even though torrefied wood pellets have several attractive properties and are in many cases
superior fuels compared to untreated biomass and biopellets, pelletization of torrefied biomass is
more technically challenging and energy intensive compared to pelletization of raw biomass [3,11–16].
Hence, significant research interest has focused on making the pelletization process easier and/or
improving the durability of pellets without compromising fuel quality. The use of external binders in
the pelletization process has been shown to reduce the energy required for pelletization and/or result
in more durable pellets [3,17–19].

Through a detailed analysis of two different process schemes on producing biocoal, Ghiasi et al.
concluded that a binder is necessary for pelletization of torrefied wood with reasonable energy
consumption [3]. The effect of additives/binders such as lignin, starch, saw dust, caster bean cake,
peanut shell, calcium hydroxide, and sodium hydroxide on pelletization of torrefied biomass has
been investigated [17–20]. However, in these studies, the binders/additives were used at much higher
levels (up to 30%) than allowable by current International Organization for Standardization (ISO)
guidelines (≤4%) for premium quality pellets made from thermally treated wood [21]. Additionally,
the pellets made with starch had lower bulk density and durability [18]. Two recent reports
have thoroughly reviewed the availability of proteinaceous feedstocks and various approaches
of developing protein-based adhesives for bonding of cellulosic materials, uncovering the tremendous
potential of this renewable resource for development of protein-based wood adhesives/binders [22,23].
In this perspective, proteinaceous material constitutes an attractive feedstock for the development of
binders/additives for pelletization of torrefied wood.

Over the years, our group has developed a technology platform for chemical conversion of
specified risk materials (SRM), a proteinaceous waste from the rendering industry, into valuable
products such as adhesives [24–26], plastics [27], and composites [28]. Recently, we demonstrated that
adhesive formulations consisting of 78% peptides and 22% polyamidoamine epichlorohydrin (PAE)
resin (dry weight basis) satisfied the performance requirement of the American Standard of Testing
and Materials (ASTM) as a plywood adhesive [24]. PAE resin contains azetidinium (four-membered
cyclic structure consisting of a quaternary nitrogen atom) functional groups that can easily react
with amine, carboxyl, and hydroxyl groups. Hence, the PAE resin acts as a co-reactant for chemical
crosslinking of protein/peptides, thus imparting mechanical strength and enhancing adhesive property
of protein/peptides-based adhesive formulations for bonding of cellulosic materials [24,25,29,30].
Herein, we report on the potential of an SRM protein-based binder (78% peptides and 22% PAE resin)
for pelletization of torrefied wood, as well as the fuel quality of resulting pellets.

2. Materials and Methods

2.1. Materials and Chemicals

The torrefied wood used in this study was kindly supplied by Airex Energie (Laval, QC, Canada).
According to the information provided by the supplier, the feed material was spruce/fir sawdust,
and the torrefied material had undergone 30% weight loss on a dry mass basis. This mass loss (30%)
upon oven drying is the same value that has been found to be suitable for production of good quality
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pellets from torrefied SPF (spruce, pine, fir) [13,17]. The SRM was supplied in dried, ground form
by a local rendering industry. The received SRM sample was handled following the safe handling
and disinfection protocol recommended by the Canadian Food Inspection Agency (CFIA) [31,32].
Kymene™ 557H resin purchased from Solenis (Wilmington, DE, USA) was used as a representative
PAE resin. As per the supplier’s information, the PAE resins contained 12.5% solids.

The protein/peptide standards for molecular size distribution analysis of hydrolyzed SRM were
purchased from Sigma Aldrich (St. Louis, MO, USA) as lyophilized powders. High purity High
Performance Liquid Chromatography (HPLC) grade water, acetonitrile (99.9%), and hexane (99.9%)
were purchased from Fisher Scientific (Hampton, NH, USA). The filter paper employed for vacuum
filtration was Whatman no. 4 filter paper (GE Healthcare, Chicago, IL, USA), and was procured from
Fisher Scientific.

2.2. Methods

2.2.1. Thermal Hydrolysis of SRM and Recovery and Characterization of Peptides

Regulations set by the Canadian Food Inspection Agency (CFIA) require segregation, removal,
and disposal of SRM from slaughtered cattle [31,32]. One of the CFIA approved methods of SRM
disposal is thermal hydrolysis at minimum conditions of 180 ◦C and 1200 kPa for 40 min per cycle [32].
In this study, thermal hydrolysis of SRM and recovery of hydrolyzed protein fragments (referred to as
peptides hereafter) from the hydrolysate was achieved following our standard protocol [24,26,28,33].
A high-temperature and high-pressure stainless-steel Parr reactor vessel (5.5 L capacity, Parr 4582,
Parr Instrument Company, Moline, IL, USA) equipped with Parr reactor controller (Parr 4848,
Parr Instrument Company, Moline, IL, USA) was used for thermal hydrolysis of SRM. In a typical
run, 1 kg of SRM was mixed with 1 kg of distilled water in the Parr reactor vessel, and then subjected
to hydrolysis at 180 ◦C and ≥174 psi pressure for 40 min. Recovery of peptides was achieved by
diluting the hydrolysate with distilled water (hydrolysate: water ratio = 1:4.5, w/v), agitating the
slurry at 200 rpm in a shaker (Innova lab shaker, New Brunswick, Canada) for 10 min, and then
allowing the mixture to settle for 10 min. The aqueous fraction was decanted, and then subjected
to centrifugation (Avanti J-26 XP high-performance centrifuge, Beckman Coulter, Mississauga, ON,
Canada) at 7000× g for 40 min. The supernatant was then subjected to vacuum filtration (Whatman no.
4 filter paper, 20–25 μM pore size) to remove any insoluble, if present. The collected filtrate was then
washed with hexane (1:1 ratio) three times to remove any residual lipids and/or long-chain fatty acids.
Lyophilization of the aqueous fraction afforded a tan colored proteinaceous cake representing 34 ± 2%
of the feed material. Prior to hydrolysis, the SRM sample was considered as biohazardous material,
and was handled by practicing the safety measures as described in previous reports [24,26,28,33].

The recovered peptides were characterized following the standard characterization methods being
practiced in our lab, which comprises analyzing elemental composition, end functional groups (carboxyl
and amines), and molecular size distribution by size exclusion high performance liquid chromatography
(SEC-HPLC) [24,33]. An Agilent Technologies 1200 series HPLC (Agilent Technologies, Santa Clara,
CA, USA) was used for SEC-HPLC analysis of peptides recovered from SRM hydrolysates. The HPLC
was equipped with an autosampler and variable wavelength UV detector, and size exclusion was
achieved using two size exclusion columns—Superdex™ 200 and Superdex™ Peptide (GE Healthcare
Biosciences AB, Uppsala, Sweden)—connected in series, and using 5% acetonitrile in 0.15 M phosphate
buffer (pH 9.0) at a flow rate of 0.5 mL/min. Solutions of HPLC standards were prepared using
0.15 M phosphate buffer (pH 9.0). The concentrations of the prepared standards were as follows:
Blue dextran, 5 mg/mL; alcohol dehydrogenase, 3 mg/mL; albumin, 5 mg/mL; carbonic anhydrase,
3 mg/mL; cytochrome C, 2 mg/mL; aprotinin, 8 mg/mL; and vitamin B-12, 5 mg/mL. A standards
mixture was prepared by combining 1 mL of each of the individual standards, with 5 μL of the mixture
injected for each HPLC run. In order to ensure batch-to-batch reproducibility of the starting material
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(peptides), thermal hydrolysis as well as analysis of recovered peptides were conducted in at least
three replicates.

2.2.2. Binder Formulation and Characterization

The SRM peptides-based binder was used as a wet formulation, and was prepared as described in
a previous report [24]. In a typical experiment, an aqueous solution of peptides prepared by dissolving
35.0 g of peptides in 105 g water was mixed with 80.0 g PAE resin (solid content = 12.5%), and the
resulting slurry was stirred for 2 h at room temperature prior to mixing with ground torrefied wood.
In the prepared formulation, the ratio of peptides:PAE resin is 78:22 on a dry weight basis.

Lyophilization of the peptides-PAE wet formulation produced a tan colored powder, which was
characterized by molecular size distribution and analysis of thermal properties. Molecular size
distribution studies were conducted by SEC-HPLC as described in 2.2.1. TA Instruments Q100
Differential Scanning Calorimeter (DSC) and Q50 Thermogravimetric Analyzer (TA Instrument,
New Castle, DE, USA) were used for Temperature Modulated Differential Scanning Calorimetry
(TMDSC) studies and Thermogravimetric Analysis (TGA) of the binder, respectively. In DSC
studies, temperature was modulated in the range of −50–150 ◦C at a heating rate of 1 ◦C/min.
The thermogravimetric analysis was conducted up to 600 ◦C at a heating rate of 10 ◦C/min.

2.2.3. Pelletization of Torrefied Wood

Prior to pelletization trials, the torrefied wood feedstock was pre-processed, which involved
grinding and sieve-screening to ≤3.18 mm (≤1/8”). The ground torrefied feedstock was moisturized
to the desired level (~18.5 wt.%) in a horizontal stand mixer (Hobart N-50 mixer, Hobart Canada,
Edmonton, Canada) along with addition of binders at the pre-requisite loadings. Pelletization
experiments were conducted using a laboratory scale Kahl flat-die pelletizer (Kahl GmbH, Germany)
equipped with a flat die press having 6.35 mm die holes and a length of 21.2 mm. The maximum die
temperature noted during pelleting was in the range of 80–85 ◦C. The collected pellets were air dried
at ambient conditions for 20–24 h, and then subjected to durability testing.

2.2.4. Analysis of Untreated Wood, Torrefied Wood, and Wood Pellets

The fuel quality of untreated wood (before torrefaction), torrefied wood, and torrefied wood
pellets was evaluated through analysis of calorific value and bulk density. An isothermal oxygen bomb
calorimeter consisting of four units (1241 Oxygen Bomb Calorimeter, 1710 Calorimeter Controller,
1108 Oxygen Combustion Bomb, and 1541 Water heater (Parr Instruments, Moline, IL, USA)) was
employed to determine the calorific value of the torrefied wood pellets as per ASTM D5865-13. The bulk
density of different materials was analyzed by evaluating the mass of a given volume of the substance
following ASTM 6393. Analysis of chlorine content was performed using Instrumental Neutron
Activation Analysis (SLOWPOKE Nuclear Reactor Facility, University of Alberta, Canada).

Durability index (DI) is a measure of the ability of pelletized fuels to resist degradation due to
shipping and handling. The durability tests were conducted using a Continental AGRA Equipment
Inc (USA) manufactured Dual Tumbler made up of dust tight boxes, with a diagonal baffle to emulate
mixing as per ASAE S269.4 methodology. The tumbler simulates the amount of breakage that normally
occurs between pellet formation and pellet use. In a typical test, 500 g of pre-screened pellets were
tumbled for 10 min at 50 rpm in a dust tight chamber. Durability Index (%) is determined by dividing
the post-tumbled weight by the pre-tumbled weight, and multiplying by 100 as shown below:

Durability Index (%) =
mass o f dust f ree pellets post tumbling
mass o f dust f ree pellets pre tumbling

×100 (1)
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3. Results and Discussion

3.1. Characterization of Peptides

The peptides recovered from SRM hydrolysates were characterized by elemental analysis (C, H,
N and S), end functional group determination (-NH2 and -COOH), and molecular size distribution
analysis (by SEC-HPLC) to ensure batch-to-batch reproducibility, and also to confirm that peptides
recovered in these experiments were consistent with those generated in previous studies. The elemental
composition and chemical functionality (Table 1) confirmed batch to batch reproducibility and also
indicated that the peptides recovered in this study were identical to the peptides recovered in previous
studies [24,25,33]. The molecular size of recovered peptides ranged from as small as dipeptides to
those having molecular weight of 66 KDa (referenced with albumin in SEC-HPLC). The majority of
peptides have molecular weights in the range of 1.36–12.4 KDa (Figure 1), which was again consistent
with our previous studies [24,25,33].

Table 1. Elemental composition and functional group analysis of peptides recovered from hydrolyzed
Specified Risk Materials (SRM).

Elemental Composition (%) Amine Groups
(mmoles/g)

Carboxyl Groups
(mmoles/g)

C H N S

49.3 ± 0.2 6.66 ± 0.09 14.4 ± 0.1 0.54 ± 0.09 0.50 ± 0.02 1.60 ± 0.05

Figure 1. SEC-HPLC chromatograms of peptides and peptides-PAE binder formulation. The standards
are (from left to right): Blue dextran (A; MW: 2000 KDa), alcohol dehydrogenase (B; 150 KDa),
albumin (C; 66 KDa), carbonic anhydrase (D; 29 KDa), cytochrome C (E; 12.4 KDa), aprotinin (F;
6.5 KDa) and vitamin B-12 (G; 1.36 KDa). The molecular weight of the peptides ranged from as small as
dipeptides to as large as that of albumin (66 KDa). The majority of peptides have molecular weight
in the range of about 1.36–12.4 KDa. The peptides-PAE formulation had limited solubility in water;
analysis of the water-soluble fraction showed a general shift towards higher molecular weight species.
The dotted line was added as a visual reference.
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3.2. Thermal Properties of Peptides-PAE Binder

A review of available literature on pelletization of torrefied wood indicated that one of the
most important requirements for obtaining good quality pellets is that the die temperature used for
pelletization corresponds to that at which softening and/or melting of the binder occurs [4,7,8,13–17].
Hence, identifying the glass transition temperature (Tg) of the binder was essential for selecting the
pelletization parameters. However, no obvious phase change behavior was observed in differential
scanning calorimetry (DSC) of peptides-PAE binder, and Tg of the binder was not discernible in
conventional DSC. Accordingly, temperature modulated differential scanning calorimetry (TMDSC) of
the binder was conducted, and Tg of peptides-PAE binder was assessed from the plot of reversing heat
flow rate as a function of temperature in standard TMDSC of the binder (Figure 2). As evident from
the TMDSC plot, onset of glass transition occurred at 45.33 ◦C and ended at 64.57 ◦C, the midpoint
being measured as 54.56 ◦C. This suggests that the glass transition (softening) of peptides-PAE binder
occurs at about 55 ◦C, which is a very convenient temperature range for pelletization at industrial scale.
Nevertheless, it should also be noted that the glass transition of wood components, which are generally
much higher than the glass transition of the binder of this study, also have substantial impact on the
mechanical strength/durability of pellets, and must be taken into account in pelleting experiments.

Figure 2. Reverse heat flow rate as a function of temperature in temperature modulated differential
scanning calorimetry (TMDSC) of the peptides-PAE binder. Parameters of modulation: Equilibrated at
−50 ◦C, heating rate = 1 ◦C/min, modulation period = 60 s, isothermal for 3 min, amplitude of program
temperature = 2 ◦C/min to 150 ◦C.

Thermogravimetric analysis was then conducted to determine the degradation temperature of
the peptides-PAE binder. The typical plot of weight (%) of a sample of the binder as a function of
increasing temperature indicates that the thermal degradation of the binder started at around 190 ◦C,
before which it had undergone small weight loss in two steps (Figure 3). An initial weight loss of
about 4% occurring in the temperature range up to 100 ◦C is attributed to the loss of unbound water
(moisture). A shallow weight loss occurring from 100 ◦C to around 190 ◦C is likely due to the loss
of bound (H-bonded) water and low molecular weight compounds. The TGA plot infers that the
onset of thermal degradation of peptides-PAE binder occurs at around 200 ◦C. From the onset of
thermal degradation, one step weight loss occurred up to 500 ◦C due to the continuous decomposition
of the polymer and formation of gaseous reaction products. After the decomposition of the binder,
nearly 30–32% mass remained as carbon black.
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Figure 3. Thermogravimetric analysis of peptides and the peptides-PAE formulation. Amplitude of
program temperature = 10 ◦C/min to 600 ◦C.

3.3. Bulk Density and Calorific Value of Raw and Torrefied Wood Chip Feedstocks

On a wet weight basis, the bulk density of torrefied biomass is lower than that of the raw biomass
(Table 2). This is attributable to the fact that torrefaction results in removal of volatiles from inside of the
particles with insignificant reduction in particle size [13,14,17]. On a dry basis, however, the torrefied
wood chips had higher bulk density than the raw wood chips (Table 2), which is due to the removal of
moisture and volatiles in the torrefied product. After torrefaction, the high heating value was measured
at 22.5 ± 0.1 MJ/Kg, compared to 19.7 ± 0.1 MJ/Kg of raw wood chips (based on analytical duplicates).

Table 2. Bulk density and calorific value of raw wood chips and torrefied wood used in this study.

Bulk Density (kg/m3) 1 Gross Heating
Value (MJ/Kg) 3

Wet basis 2 Dry basis 2 Dry basis

Raw 199 ± 1 a 159 ± 1 b 19.7 ± 0.1
Torrefied 182 ± 4 b 177 ± 3 a 22.5 ± 0.1

1 The moisture content of raw wood chips was 21.3 ± 0.7% and that of torrefied wood was 1.8 ± 0.1; 2 Means
that do not share the same letter in the same column are significantly different (Tukey test, 95% confidence level);
3 Gross heating values were assessed using analytical duplicates.

3.4. Pelletization and Analysis of Torrefied Wood Pellets

3.4.1. Pelletization of Torrefied Wood

Pellet durability is one of the most important parameters that determines the quality of torrefied
wood pellets. Dense and strong pellets—characterized by high mechanical strength—have minimum
breakage during handling, transportation, and storage, which translates to improved tradability of
the pellets. Verhoef et al., suggested that pelletizing torrefied wood requires a proper balance of
material quality (e.g., degree of torrefaction), particle size, moisture content, binder, as well as the
thickness, hole size and temperature of the pelleting die [2]. For our experiments, the length and bore
diameter of the pelleting die were 21.2 mm and 6.35 mm, respectively, and the torrefied wood was
ground to ≤3.18 mm (≤1/8”) particle size. The optimal moisture content employed for the pelletization
experiments was 18.5%, which was assessed from preliminary experiments evaluating the durability
of pellets made from torrefied wood pre-conditioned with moisture content in the range of 16–30%.
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It should be noted that the temperature of the pelleting die was 80–85 ◦C, which is well above the glass
transition of the peptides-PAE binder (Figure 2).

According to the International Standard for fuel specifications and classes of solid biofuels (ISO/TS
17225-8:2016), the specifications for the highest quality classes (TW1a and TW2b) of thermally-treated
wood pellets require that the additives/binders should be ≤4 wt% on a dry mass basis [21]. On the
other hand, specifications from International Maritime Organization (IMO) require that the additives
in torrefied wood pellets cannot be more than 3% if they have to be transported through marine vessels.
Hence, in our experiments, the effect of binder on the qualities of torrefied wood pellets was evaluated
at a 2% and 3% binder level.

The bulk density as well as durability of pellets are important quality parameters for bulk handling,
storage, and transportation of pellets as a commodity fuel [34]. Whereas the bulk density refers to the
mass of a given volume of pellets, the durability index indicates the mechanical strength and resistance
of pellets against breakage and dust formation when handled during storage and transportation.
Both of these characteristics were examined to assess the potential of using peptides-PAE as a binder
for torrefied wood pellets.

3.4.2. Pellet Durability

In the absence of a binder (control experiment), the torrefied wood pellets had an average durability
of 91.4 ± 0.3% (Figure 4). The addition of peptides-PAE binder at a 2% level significantly improved
the durability of pellets, resulting in an average durability of 95.6 ± 1.4%. On further increasing the
binder level to 3%, the average durability of resulting pellets was found to be 96.9 ± 0.2%. The fuel
specification standards of ISO/TS 17225-8 for thermally treated wood pellets of TW2a property class
requires a minimum durability of 95%. Thus, it is worth mentioning that although there was no
statistical difference in the average durability achieved using either 2% or 3% of the peptides-PAE
binder, one of the three trials using 2% binder had a durability index of 94.0%; the other two values
obtained were both 96.4%. Conversely, the lowest durability index observed using a peptides-PAE
binder level of 3% was 96.8%, which was achieved in two of the three trials, with the final value
obtained being 97.2%. Thus, the torrefied wood pellets generated using 3% of the peptides-PAE binder
satisfied the durability requirement of ISO for TW2a class wood pellets.

Figure 4. Effect of binder level on durability of torrefied wood pellets produced using a bench scale
pelletizer. The peptides-PAE binder was generated using 22% PAE resin and 78% SRM peptides on a
dry weight basis. The pre-pelletization moisture content was 18.5% and the pelleting die temperature
was in the range of 66–85 ◦C. Triplicate experiments were conducted for pelletization experiments and
pellet durability analysis, and the results are presented as average ± standard deviation. Means that do
not share a letter are significantly different (Tukey HSD test, 95% confidence level).
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The polar functional groups of the peptides-PAE formulation (e.g., hydroxyl, amide, amine,
and carboxyl) are expected to enhance attractive intermolecular forces such as polar interactions
and hydrogen-bonded connections amongst the wood particles and binder. Additionally, as the
peptides-PAE formulation has demonstrated its excellent ability as a binder for wood veneers [24], it is
likely that the added binder improves the adhesion forces among the torrefied wood particles and
enhances the mechanical strength. Additives such as protein, starch, and lignin have been found to be
effective for improving the durability of torrefied and/or biochar pellets through the enhancement of
adhesive forces, formation of solid bridges and hydrogen bonded interactions, leading to an improved
close-knit structure of wood polymers/particles in pellets [17,19]. It should be noted that since the
feedstock was ground to fine powder before pelletization, contributions from mechanical interlocking
of particles is minimal. Hence, the forces of adhesion and cohesion are likely the major players in
the observed durability of pellets made with peptides-PAE binder. The added binder is expected
to have appreciable forces of cohesion due to chemical crosslinking, and it enhances the forces of
adhesion by introducing attractive forces such as non-covalent interactions and hydrogen bonding
among the particles.

3.4.3. Bulk Density and Heating Value of Torrefied Wood Pellets

The bulk density of torrefied wood pellets produced by using peptides-PAE binder (3% binder
level) were compared with that of pellets made without binder (control pellets). The torrefied wood
pellets made without a binder and with 3% peptides-PAE had bulk densities of 654 ± 33 kg/m3 and
679 ± 26 kg/m3, respectively (Table 3). It should be noted that the two values are not statistically
different, which indicates that the addition of our binder did not negatively impact the bulk density
of the resulting torrefied wood pellets, while at the same time improving pellet durability (Figure 4).
The average bulk density of the torrefied wood feedstock used in this research was 177 ± 3 kg/m3

(Table 2), which indicates that after pelletization, the bulk density was enhanced by a factor of ~3.8.

Table 3. Comparison of bulk density and gross heating value of torrefied wood pellets (dry basis) made
with or without binder.

Bulk Density (kg/m3) 1 Gross Heating Value (MJ/Kg)

No Binder 654 ± 33 a 22.4 ± 0.0
Peptides-PAE binder (3%) 679 ± 26 a 23.1 ± 0.1

1 Means that do not share the same letter in the same column are significantly different (Tukey test,
95% confidence level).

It is also worth mentioning that the fuel specification standards of ISO/TS 17225-8 for thermally
treated wood pellets of TW2a property class requires a minimum bulk density of 650 kg m−3. While there
was no statistical difference with regards to the bulk densities of torrefied wood pellets obtained,
the measured bulk densities for the 3 batches of pellets made without the use of a binder were
692 kg m−3, 638 kg m−3, and 632 kg m−3, indicating that 2 of the 3 batches were below the International
Organization for Standardization Technical Specification (ISO/TS) 17225-8 requirement. Conversely,
for the batches made with 3% peptides-PAE, a bulk density below 650 kg m−3 was not observed
(673 kg m−3, 707 kg m−3, and 656 kg m−3).

The calorific values of the torrefied wood pellets generated with and without a binder were
measured (Table 3). As the gross heating value reported was obtained from analytical duplicates,
a conclusive comparison cannot be made between the torrefied wood pellets made with and without
binder. Nevertheless, the data obtained suggest that the torrefied wood pellets made using 3%
peptides-PAE binder may possess a heating value that would satisfy the ISO/TS 17225-8 fuel specification
standards for TW2a property class pellets. It is also worth mentioning that for the pellets made with
peptides-based binder, the final moisture content varied from 2.08 to 6.87, which is less than the 8%
limit for TW2a pellets.
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3.4.4. Chlorine Content

ISO/TS 17225-8 specifies that the chlorine content for thermally treated wood pellets of the fuel
quality TW2a class should be ≤0.05%. Analysis of chlorine content indicated that pellets made with
the peptides-PAE binder have an average chlorine content of 1200 ± 20 μg/g, which translates to
0.12%. In contrast, pellets made without a binder had an average chlorine content of only 8 ± 1 μg/g.
The relatively high chlorine content of wood pellets is likely associated with the risk of corrosion due
to emission of HCl gas as effluent while burning the pellets. Thus, the chlorine content of pellets made
with peptides-PAE will need to be reduced.

The peptides recovered from SRM hydrolysis contain an average of 1.77± 0.09% inorganic chloride.
Although the PAE resin is also a source of chlorine in the pellets, since the binder formulation consist
of 78% peptides and 22% PAE resin, the major contribution to chlorine in the pellets is most likely from
peptides. To address this concern, we examined the possibility of adding an SRM washing step to
our thermal hydrolysis protocol. Briefly, 200 g of SRM were washed with Milli-Q water, after which
the mass of the wet SRM was brought up to 400 g, then subjected to our standard thermal hydrolysis
process. Using this methodology, the chlorine content of the resulting peptides was reduced to 0.513
± 0.059%. In future pelletization experiments, the SRM pre-washing step will be incorporated to
minimize chlorine levels.

4. Conclusions

In this research, we explored the potential of using peptides recovered from a negative-value
proteinaceous waste from the meat industry as a binder for pelletization of torrefied wood.
Our peptides-based binder formulation, which consisted of 78% peptides and 22% PAE resin (dry weight
basis), demonstrated remarkable potential as a binder for pelletization of torrefied wood. The torrefied
wood pellets obtained using our peptides-PAE binder at a 3% binder level had a net calorific value of
~21 MJ/kg, as well as a durability index and bulk density that satisfied the specifications of ISO/TS
17225-8:2016 for thermally treated wood pellets of the TW2a property class. Although the chlorine
content of these pellets was higher than the ISO requirement, prewashing of the SRM prior to thermal
hydrolysis was shown to dramatically reduce chlorine levels in the peptides. Future pelletization
experiments will employ peptides-PAE derived from prewashed SRM. The research presented in
this study provides proof-of-concept that peptides derived from SRM can be utilized for sustainable
production of a binder for pelletization of torrefied wood that can potentially serve as a coal replacement.
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Abstract: Kraft lignin was modified by using hydroxymethylation to enhance the compatibility
between rubber based on a blend of natural rubber/polybutadiene rubber (NR/BR) and lignin.
To confirm this modification, the resultant hydroxymethylated kraft lignin (HMKL) was characterized
using Fourier transform infrared (FTIR) and nuclear magnetic resonance (NMR) spectroscopy.
It was then incorporated into rubber composites and compared with unmodified rubber. All rubber
composites were investigated in terms of rheology, mechanical properties, aging, thermal properties,
and morphology. The results show that the HMKL influenced the mechanical properties (tensile
properties, hardness, and compression set) of NR/BR composites compared to unmodified lignin.
Further evidence also revealed better dispersion and good interaction between the HMKL and the
rubber matrix. Based on its performance in NR/BR composites, hydroxymethylated lignin can be
used as a filler in the rubber industry.

Keywords: lignin; hydroxymethylation; bio-filler; rubber composite

1. Introduction

Fillers are used in rubber for many reasons. They improve the mechanical and thermal properties,
and also reduce the cost and weight of the rubber product. Among commercial fillers, carbon black and
silica are the most widely used in the rubber industry. Several studies have reported the substitution
of these fillers with other alternative fillers, such as carbon nanotubes, cellulose, protein, starch,
and clays [1–8]. Recently, fillers from renewable resources have been widely used in order to replace
commercially available fillers due to their sustainability and biodegradability and have been effectively
used to improve the mechanical properties of rubber composite. Compared to these renewable
materials, lignin is an interesting alternative due to its abundance, low cost, and renewability, which
make it potential filler for rubber. Since the 1940s, researchers have reported the preparation of
lignin-based rubber composites through patents and academic papers. The reinforcing effect of lignin
on rubber composites has been shown by several studies, especially when certain polar materials
were used.

Lignin is an aromatic polymer which is mainly comprised of three major phenylpropanoid
units, namely p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units, which form a complex
three-dimensional structure. Several linkage types are present in lignin, including the ether linkages
(C-O-C), β-β, β-O-4, β-5, etc. [9,10]. Conventionally, lignin is a by-product of the pulp and paper
manufacturing industry. A major portion of this lignin is burnt and used as fuel due to its high energy
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content. Only a small percentage (about 2%) of the lignin produced in the world is converted into
value-added products [11–13].

The utilization of lignin as a filler in rubber composites may reduce the dependency on using
oil-based materials [14–17] as fillers. However, the disadvantages of using lignin are its poor dispersion
and compatibility in non-polar rubber. With the development of new technologies, scientists have
been looking to improve manufactured products containing lignin as a filler. Many approaches
have been used to enhance the performance of lignin-based rubber composites, including modifying
the surface of the lignin [18,19], and using hybrid technologies with carbon black [20], silica [21],
montmorillonite [22,23], and layered double hydroxides [24]. Hybridization has been claimed to
be an effective method to reduce the viscoelastic loss of rubber compounds [20] and improve the
mechanical properties of such compounds with excellent reinforcing effect [22,24]. Subsequent studies
involved the modification of lignin particles by acetylation [25,26], alkylation [27,28], etc. Current
efforts to develop lignin-based fillers for rubber are focused on the chemical transformation of lignin to
increase the crosslinking between lignin macromolecules with formaldehyde as a crosslinking agent.
Jiang et al. [29] reported the successful utilization of hydroxymethyl lignin in styrene-butadiene rubber
(SBR), improving mechanical properties, such as tensile strength and tear strength. Hydroxymethyl
groups were introduced onto the C5 positions of G units in the lignin structure, thus producing further
crosslinking condensation reactions between lignin macromolecules. Furthermore, hydroxymethylation
modification has also been used to produce lignin nanoparticles [29,30].

To the best of our knowledge, the effect of hydroxymethylated lignin (HMKL)-filled natural
rubber/polybutadiene rubber (NR/BR) composites has not been reported. Therefore, the main aim
of this work is to focus on the modification of kraft lignin (KL) by using hydroxymethylation and
to investigate the effectiveness of HMKL as a reinforcing filler in NR/BR composites. The structure
of HMKL was investigated using Fourier transform infrared (FTIR) and nuclear magnetic resonance
(NMR) spectroscopy in order to confirm the reaction between formaldehyde and lignin molecules.
Additionally, the compounding formulation was also designed to incorporate carbon black (CB).
This was done to ensure that hybrid fillers based on modified lignin/carbon black (HMKL/CB) would
be able to provide synergistic properties. Modified lignin was used at various concentrations ranging
from 5 to 20 parts per hundred rubber (phr) and was hybridized with carbon black with a total filler
concentration of 50 phr. The physical, mechanical, and thermal properties of HMKL-filled NR/BR
composites were further evaluated.

2. Materials and Methods

Natural rubber (NR), SMR 10 was supplied by the Rubber Research Institute of Malaysia (RRIM),
and polybutadiene rubber (BR), BR9000 was supplied by Zarm Scientific (M) Sdn. Bhd (Penang, Malaysia).
Kraft lignin (weight average molecular weight, MW = 3526 g/mol, density = 2.64) was extracted in-house
from kenaf biomass and sieved to an average particle size of less than 250 μm. Sodium hydroxide (NaOH),
sodium sulfide (Na2S), ammonium hydroxide (NH4OH), formaldehyde, acetic anhydride, pyridine,
sulphuric acid (H2SO4), and hydrochloric acid (HCl) were purchased from Merck (Petaling Jaya, Malaysia).
Deuterated dimethyl sulfoxide (DMSO-d6) was purchased from Sigma-Aldrich (Darmstadt, Germany)
and carbon black (N220) was purchased from Cabot Corporation (Alpharetta, GA, USA). Zinc oxide
(ZnO), stearic acid (SA), N-tert-butyl-2-benzothiazylsulphonamide (TBBS), treated distillate aromatic
extracted (TDAE) oil, paraffin wax, N-phenyl-p-phenylenediamine (6PPD), tetramethylthiuramdisulphide
(TMTD), 2,2,4-trimethyl-1,2-dihydroquinoline (TMQ), and sulfur were supplied by Bayer (M) Ltd. (Penang,
Malaysia).

The kraft lignin was modified using a hydroxymethylation method outlined by Popa et al. [30].
This modification was performed to substitute hydroxymethyl groups in the lignin structure and
was expected to enhance the interaction between the lignin surface and the rubber matrix. A total of
10 g of lignin was mixed with 47 mL of distilled water in a 500 mL round-bottom flask. The mixture
was stirred for 2 h at room temperature. Next, 1.29 g of a 50% NaOH solution and 3.14 g of a 25%
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NH4OH solution as catalyst were added to the lignin suspension. Then, the mixture was shaken for 2 h.
Furthermore, 6.7 g of a 37% formaldehyde solution was introduced into the system. The whole system
was placed in a water bath for further reaction at a temperature of 85 ◦C for 4 h. After that, the desired
product was precipitated by adding 1.0 M HCl solution until the pH was 2. Finally, modified lignin
was separated by centrifugation and washed three times with excessive distilled water and dried at
50 ◦C for 24 h. The resultant formaldehyde-modified lignin, i.e., HMKL, had a molecular weight of
4732 g/mol.

Subsequently, NR/BR/HMKL composites were prepared through laboratory-scale open two-roll
mills with the formulation listed in Table 1. The NR and BR were first mixed with the lignin,
carbon black, and other rubber ingredients (ZnO, SA, TDAE, 6PPD, TMQ, paraffin wax, TBBS, TMTD,
and sulfur). The blend was then removed and kept at room temperature for 24 h. Finally, the sample
was press-cured into a 2 mm thick sheet at a temperature of 150 ◦C for the optimum cure time
(T90), which was determined using an MDR 2000 moving die rheometer (Alpha Technologies, Akron,
OH, USA). The rubber composites were named NR/BR/KL or NR/BR/HMKL, where KL indicates
unmodified lignin. The NR/BR/KL and NR/BR/CB50 (without lignin) composites were prepared in a
similar way to the NR/BR/HMKL composites.

Table 1. Formulations of natural rubber/polybutadiene rubber (NR/BR) and modified or unmodified
lignin used in this work.

Ingredients

Amount (phr)

NR/BR/CB50
(without Lignin)

NR/BR/KL10
NR/BR/

HMKL-5
NR/BR/

HMKL-10
NR/BR/

HMKL-15
NR/BR/

HMKL-20

NR (SMR 10) 1 50 50 50 50 50 50
BR (BR9000) 2 50 50 50 50 50 50

Zinc Oxide (ZnO) 5 5 5 5 5 5
Stearic Acid 2 2 2 2 2 2

Carbon Black (N220) 50 40 45 40 35 30
Unmodified lignin 3 - 10 - - - -

HMKL 4 - - 5 10 15 20
TDAE 5 5 5 5 5 5 5
6PPD 6 2 2 2 2 2 2
TMQ 7 1 1 1 1 1 1

Paraffin Wax 2.5 2.5 2.5 2.5 2.5 2.5
TBBS 8 1.2 1.2 1.2 1.2 1.2 1.2

TMTD 9 0.35 0.35 0.35 0.35 0.35 0.35
Sulfur 1.5 1.5 1.5 1.5 1.5 1.5

1 Natural rubber, grade standard Malaysian rubber 10. 2 Polybutadiene rubber, grade BR9000 3 Kraft lignin.
4 Lignin modified by the hydroxymethylation method. 5 Treated distillate aromatic extracted. 6 N-phenyl-p-
phenylenediamine. 7 2,2,4-trimethyl-1,2-dihydroquinoline. 8 N-tert-butyl-2-benzothiazyl sulphonamide.
9 Tetramethylthiuram disulphide.

FTIR spectra were recorded with a Thermo-Nicolet IR 200 Fourier transform infrared (FTIR) with
attenuated total reflection (ATR) at a spectral resolution of ±4 cm−1 with 32 scans from 600 to 4000 cm−1.

1H and 13C NMR spectra were recorded on a Bruker Avance-500 spectrometer. A mass of
approximately 150 mg of acetylated lignin was dissolved in 0.40 mL DMSO-d6. The 13C NMR spectra
were acquired at a temperature of 50 ◦C in order to reduce the viscosity of the solution. 1H and 13C
NMR data were processed offline using the Top Spin processing software (Bruker, Billerica, MA, USA).

The viscosities of the rubber composites were determined using a Mooney viscometer (model
AC/684/FD, SPRI) and a single-bore Rosand capillary rheometer according to the American Society
for Testing and Materials (ASTM) D1646-04 method. The results are reported in terms of the Mooney
viscosity of the large rotor (ML (1 + 4)100) at a temperature of 100 ◦C. The samples were heated for
1 min prior to testing at a temperature of 100 ◦C.

The filler–filler interaction of the uncured compounds was studied by strain sweep test in the range
of 0.6–100% strain at 0.50 Hz and a temperature of 100 ◦C by a Montech D-RPA 3000, rubber process
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analyzer (RPA) instrument (Werkstoffprüfmaschinen Gmbh, Buchen, Germany). The differences in the
storage shear moduli (G’) at low strain (0.6%) and high strain (100%) are reported.

Cure characteristics of the rubber compounds were tested using an MDR 2000 moving die
rheometer (Alpha Technologies, Akron, OH, USA) according to the ASTM D2084-01 method. The rubber
compounds were tested at a temperature of 150 ◦C for 30 min under an oscillating rotor at one degree
of cure. Cure properties are reported, including scorch time (tS2), optimum cure time (t90), minimum
torque (ML), maximum torque (MH), and torque difference (MH–ML).

The crosslink density was determined by soaking a compound rubber sample with dimensions
of 30 × 5 × 2 mm in toluene in a closed bottle for 72 h at room temperature, 23 ◦C. The sample was
removed and quickly wiped and weighed, WS (swollen sample weight). Then, the swollen samples
were dried at 60 ◦C for 30 min and weighed, Wd (dry sample weight). The crosslink density, VC,
was determined by using the Flory–Rehner Equation (1):

VC =
−
[
ln
(
1−Qp

)
+ Qp + χQp2

]
V × (Qp1/3 −

(
Qp
2

) (1)

where Qp is the volume fraction of rubber in the swollen gel, χ is the Flory–Huggins interaction
parameter between toluene and rubber, χ = 0.38 [31], V is the molecular volume of toluene, and Qp is
the volume fraction of swelling rubber, which was determined by Equation (2):

Qp =
1[

1 +
(WS−Wd

Wd

)]
× ρp
ρS

(2)

where ρp and ρs represent the density of the polymer and solvent, respectively [32].
Tensile tests were performed on the composites according to the ASTM D412 method. The tensile

tests were carried out using an H10KS tensometer (Hounsfield Test Equipment Co., Ltd., Croydon,
UK) with a die type C dumbbell-shaped specimen and a crosshead speed of 500 mm/min.

Scanning electronic microscopy (SEM) images of lignin-filled rubber compounds were made with
a Zeiss SUPRA 35 VP instrument (Carl Zeiss NTS GmbH, Oberkochen, Germany). The fracture surface
was coated with a thin gold layer in order to obtain high-quality SEM images.

The hardness of the rubber compounds was measured using a Wallace Shore A durometer
(Cambridge, UK), following the ASTM D2240 method.

Compression set tests were performed according to the ASTM D395 method at a temperature of
70 ◦C over a period of 22 h. The percentage compression set (C%) was calculated using Equation (3):

C% =
t0 − t1

t1 − tS
× 100 (3)

where t0, t1, and tS represent the thickness of the original sample, the thickness of the sample after
compression, and the thickness of the spacer, respectively.

The flexing resistance of the rubber composites was tested by subjecting the samples to repeat
cycling of flexure using a De Mattia flexing machine. The number of cycles before failure was recorded
for this measurement. The tests were performed according to the ASTM D430 method.

Heat build-up tests were carried out using a Goodrich flexometer (Ferry Industry, OH, USA)
according to the procedure described in the ASTM D623 method. The frequency of loading was 30 Hz.
Measurements of the temperatures of the samples were initially made by means of a thermocouple
attached to the surface of the sample, and the temperature was recorded every minute for 25 min.

Aging properties of the rubber compounds were tested under thermal conditions. The influence
of thermal aging on the properties of HMKL-filled NR/BR with different loading was investigated and
compared to the influence of thermal aging on the same properties of unmodified lignin-filled compound.
The specimens were aged at 70 ◦C for 72 h in a Geer aging oven (Tabai® GPHH-200, Tabai ESPEC
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Co., Ltd., Osaka, Japan) according to the ASTM D573 method. After the aging, the specimens were
removed and conditioned for 24 h at room temperature before being subjected to mechanical testing for
100% tensile modulus and tensile strength. The effect of aging on the rubber composites was calculated
in terms of % strength retention, which was calculated by dividing the aged tensile property (A) by the
original tensile property (O) and multiplying by 100.

Thermogravimetric analysis was performed using a Pyris 6 TGA Thermogravimetric Analyzer
(PerkinElmer, Inc., Waltham, MA, USA). The measurements were made in a nitrogen atmosphere in
the temperature range from 30 to 600 ◦C at a heating rate of 10 ◦C/min.

3. Results and Discussion

3.1. Structural Analysis

The reaction between formaldehyde and lignin in alkaline media results in substitution on the C5
position in the guaiacyl unit and on the side-chain-bearing carbonyl groups. This reaction can continue
further with a condensation reaction with the hydroxyl groups, thus reducing the hydroxyl group
content [33]. In this study, during the process of hydroxymethylation, formaldehyde was added to the
lignin in the alkaline medium. Three possible reactions are proposed, as shown in Figure 1. The main
reaction was involved with the attachment of hydroxymethyl groups on the lignin aromatic ring [34]
and the substitution of side chains by aliphatic methylol groups, as shown in Figure 1a,b, respectively.
Increasing the reaction temperature causes hydroxymethyl groups to react at free positions of other
lignin macromolecules to form methylene bonds, as shown in Figure 1c.

 

Figure 1. Schematic illustration of the proposed reactions of formaldehyde with lignin
(a–c) condensation reaction.
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3.1.1. Fourier Transform Infrared (FTIR) Analysis

Figure 2 displays the FTIR spectra of KL and HMKL. The transmission band at 3400 cm−1 is due
to O–H stretching vibration, and the bands at 2927 and 2847 cm−1 are due to C–H stretching vibration
in methyl and methylene groups, respectively. The C–H bending vibration in methyl groups can be
assigned to the band at ~1460 cm−1. The stretching vibration at 1708 cm−1 is due to the carbonyl groups,
C=O conjugated with the aromatic ring. The absorption bands at 1601, 1509, 1454, and 1422 cm−1 are
attributed to skeletal vibrations of aromatic ring macromolecules, C=C and C–H. The band for C–O
stretching vibration in the guaiacyl ring is identified at 1270 cm−1, and the bands for C–O stretching
vibration in the syringyl ring are identified at 1328 and 1111 cm−1. The band at 1213 cm−1 is due to the
phenolic hydroxyl group and ether in syringyl and guaiacyl. The band at 1035 cm−1 can be attributed
to the C–O deformation in the secondary and primary alcohol or aliphatic esters [35]. The bands at
1328, 1270, 1213, and 1111 cm−1 observed in both types of lignin indicate that both lignins contain the
same functional groups but in different amounts.

Figure 2. The Fourier transform infrared (FTIR) spectra of unmodified kraft lignin (KL) and
hydroxymethylated kraft lignin (HMKL).

Lignin mainly contains highly reactive guaiacyl (G) moieties with a free C5 position in the aromatic
ring, with small amounts of syringyl (S) and p-hydroxyphenyl (H) units. Therefore, the reactive G unit
can actively react with formaldehyde rather than the stable S unit, which is linked to methoxy groups
at the C3 and C5 positions [36,37]. In the creation of the formaldehyde-modified lignin, i.e., the HMKL,
the formaldehyde reacts with the free site of G units and transforms into hydroxymethyl groups.

In the FTIR spectrum of HMKL, the band at ~3400 cm−1, which is due to the hydroxyl group
(–OH), is broader than the same band in the spectrum of KL. Intense C–H bands at 2938 and 2840 cm−1

correspond to methoxyl groups and hydroxymethyl groups. Furthermore, the intensities of the C–H
asymmetric vibration band (1463 cm−1) and the C–O stretching vibration band for primary and
secondary alcohol and ether (1040 cm−1) are intense in the FTIR spectrum of HMKL than that of
KL. On the other hand, the band at 825 cm−1, which corresponds to the aromatic C–H out-of-plane
deformation vibration of the G units at carbon positions 2, 5, and 6, is weaker in the FTIR spectrum of
HMKL than that of KL. This analysis suggests the presence of hydroxymethyl groups in the lignin
structure, as well as condensation resulting in the partial crosslinking of these hydroxymethyl lignin
molecules. The introduction of methylol groups in the lignin structure is indicated by the increased
intensity of the bands at 3400, 1463, and 1113 cm−1 after the hydroxymethylation reaction, proving that
the reaction took place within the system.
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3.1.2. Nuclear Magnetic Resonance (NMR)

Figure 3 shows the 1H NMR spectra of both KL and HMKL. The 1H NMR spectra proves that the
hydroxymethylation reaction took place between lignin and formaldehyde. The peak intensity of the
spectrum of the modified lignin is observed in the range of 8–6 ppm. This is due to the substitution
of hydroxymethyl groups in the aromatic nuclei of G or H units. Intense peaks in the 4.0–2.7 ppm
range are related to protons in the methoxyl group. The peak related to hydroxymethylated lignin
was observed to be broader than that of unmodified lignin (i.e., KL). This is due to the introduction
of a functional group through the hydroxymethylation reaction. The signal from DMSO protons can
be seen at 2.5 ppm. The modification of hydroxymethylated lignin can be observed in the range
of 2.49–1.5 ppm, which is where the signals from acetyl groups are observed. The spectra allow
the aromatic peaks to be differentiated from the aliphatic acetate peaks. These peaks correspond to
the proposed reactions (a) and (b) shown in Figure 1. Proton signals, as exhibited in the range of
1.5–0.8 ppm, can be attributed to the aliphatic signal, which is related to methyl and methylene groups
from the lignin macromolecules.

 
Figure 3. 1H Nuclear magnetic resonance (NMR) spectra of unmodified KL and HMKL.

Figure 4 displays the 13C NMR spectra for KL and HMKL, which are similar. The increased
intensity of the peak at 154 ppm after the hydroxymethylation modification is attributed to the
substitution of the hydroxymethyl functional group, which converts the G unit to a stable S unit.
The peak observed at 61.3 ppm for both HMKL and KL is due to methylene or CH2 resonance [38].
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Figure 4. 13C NMR spectra of unmodified KL and HMKL.

3.2. Mooney Viscosity and Payne Effect of Compounds

The effect of different HMKL contents on the Mooney viscosity of the NR/BR composites was
investigated and compared to the Mooney viscosity of the unmodified lignin (KL10)-filled NR/BR,
as displayed in Figure 5a. The highest viscosity was observed at a concentration of 5 phr of NR/BR with
HMKL compared to NR/BR/KL and also NR/BR/CB50. This indicates that there is a high restriction
of the mobility of the macromolecules due to the greater interaction between lignin and the rubber
matrix. However, at the same lignin content, the Mooney viscosity of HMKL-filled rubber composite is
higher than NR/BR/KL composite. The Mooney viscosity was found to decrease with increasing HMKL
content. This is due to the higher compatibility between the filler and the rubber matrix. The reduction
of the Mooney viscosity with increasing HMKL content may be attributed to the plasticizing effect
of HMKL. HMKL contains low-molecular-weight lignin, which easily diffuses into the rubber chain
and helps adhesion. This has a direct effect on the behavior of the rubber compound [39]. Thus,
the reduction of the Mooney viscosity results in good lignin miscibility, which enhances the efficiency
of the processing of rubber compounds [40–42]. Therefore, it could increase the chain mobility and
improve the flow behavior of rubber compounds.

In the same way, the inclusion of lignin also affected the tensile modulus of rubber compounds,
especially when high strain was applied. This phenomenon occurred since the filler networks were
destroyed when high strain was applied, which suggests that the inclusion of modified lignin in the
rubber matrix weakened the filler network interaction and reduced the Payne effect, as shown in
Figure 5b. The Payne effect of lignin-filled rubber compounds is normally used to explain the degree of
filler–filler interactions, which are mainly caused by hydrogen bonding, leading to the formation of the
filler network in the rubber matrix. By decreasing the filler–filler interaction, the processability of the
rubber compounds was enhanced in the present study. The other reason for the enhanced processability
of the rubber compounds, i.e., the partial replacement of CB with HMKL, also plays a role in decreasing
the Payne effect of the rubber compounds. However, at the same lignin content, there are no significant
changes in the Payne effect of the NR/BR/KL and NR/BR/HMKL rubber composites. This is due to
disruption of the well-structured filler–filler network of CB in the rubber matrix, which leads to a
reduction in the strength of the filler–filler network.
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Figure 5. The effect of HMKL content on (a) the Mooney viscosity and (b) the Payne effect of lignin-filled
natural rubber/polybutadiene rubber (NR/BR) compounds.

3.3. Curing Characteristics and Crosslink Densities

An analysis of the curing of NR/BR composites with KL and HMKL is illustrated in Table 2. It can
be observed that the optimum curing time, t90, and the scorch time, tS2, of composites with HMKL
are lower than those of composites with KL. This suggests that the presence of HMKL enhanced the
vulcanization of the NR/BR composite due to the inclusion of the hydroxymethyl group in the lignin
structure and the possibility of a reaction occurring between the hydroxymethyl functional groups of
HMKL and the rubber molecules. However, the optimum curing time and scorch time of HMKL-filled
NR/BR composites increased significantly with increasing HMKL content. This indicates that high
levels of HMKL affect the efficiency of crosslinks in the vulcanizates and delay the vulcanization of
rubber compounds [43].

Table 2. Curing characteristics and crosslink density of NR/BR/kraft lignin (KL) compared to
NR/BR/hydroxymethylated kraft lignin (HMKL) composites.

Sample
Optimum
Cure Time,

t90 (min)

Scorch
Time, tS2

(min)

Minimum
Torque, ML

(dN·m)

Maximum
Torque, MH

(dN·m)

Torque
Difference, ΔM

(MH–ML) (dN·m)

Crosslink
Density, VC

(×10−4 mol/m3)

NR/BR/CB50
(without lignin) 4.57 1.76 1.45 13.12 11.67 6.5 ± 0.0

NR/BR/KL10 6.23 2.27 1.09 9.41 8.32 5.2 ± 0.2
NR/BR/HMKL5 3.54 1.89 1.33 11.78 10.45 10.3 ± 0.1
NR/BR/HMKL10 3.97 1.99 1.10 10.41 9.31 10.9 ± 0.4
NR/BR/HMKL15 4.82 2.22 1.08 9.88 8.80 6.8 ± 0.1
NR/BR/HMKL20 5.49 2.36 0.91 9.03 8.12 5.0 ± 0.1

With increasing HMKL content, the maximum torque, MH, of NR/BR/HMKL displays a reducing
trend, but remains higher than that of NR/BR/KL with an HMKL content of up to 15 phr. This shows
that rubber compounds containing HMKL formed more crosslinks between the lignin and the rubber
matrix compared to rubber compounds containing KL, which restricted the mobility of the rubber
chains. Thus, the presence of HMKL enhanced the interfacial adhesion between the filler and the
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rubber matrix. A similar trend is observed for minimum torque, ML, which is mainly associated
with the physical crosslinking between the lignin and the rubber matrix before vulcanization [44].
At low HMKL content, the rubber composite shows a high value of ML, which suggests stronger
physical crosslinking between the filler (CB/HMKL) and the rubber matrix. However, the trend of ML is
reduced with increasing HMKL content as the lignin acts as a plasticizer in the rubber compound. It is
well known that a relatively low value of ML leads to better rubber processability [45]. Furthermore,
the observed ΔM indicates a reduction in crosslink density (see VC values in Table 2). All HMKL-filled
NR/BR compounds exhibited a higher ΔM compared to KL-filled NR/BR compounds, except for the
compound with an HMKL content of 20 phr. This is due to the higher crosslink density in HMKL-filled
NR/BR compounds and could also be due to the formation of a filler–rubber network between the
HMKL and rubber matrix. This will enhance the restriction of the mobility of rubber chains and
significantly reinforce the strength of the rubber composite.

3.4. Tensile Properties

Figures 6 and 7 show the tensile properties of NR/BR composites containing KL and HMKL.
For the samples with HMKL, a decreasing trend of tensile strength and tensile modulus (M100,
M300, and reinforcement index, M300/M100) is observed with increasing HMKL content. However,
the opposite trend was observed for elongation at break when the HMKL content was increased.

 
Figure 6. The effect of HMKL content on (a) tensile strength and (b) elongation at break, of lignin-filled
NR/BR composites.

At a filler content of 10 phr, the tensile strength of the NR/BR/HMKL composite is slightly higher
than that of the NR/BR/KL composite and is comparable to that of the NR/BR composite with CB50 (i.e.,
without lignin). This indicates that HMKL has a reinforcing effect on NR/BR and slightly enhances the
rubber performance. The greater tensile strength of the NR/BR/HMKL composite is also attributed to
the compatibility between the lignin and the NR/BR matrix, which can be concluded to have improved
the rubber–filler interaction. As a consequence, the filler was able to support the uniform stress
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transferred from the rubber molecular chains before breakage occurred [46], resulting in improved
tensile strength. However, the elongation at break of the HMKL-filled NR/BR composites was lower at
low HMKL contents of up to 10 phr. This is due to the rigidity of the network that formed between
the HMKL and the rubber matrix, which decreased the flexibility and elasticity of the composite and
reduced the deformation resistance of the rubber chains.

The tensile moduli at strains of 100% (M100) and 300% (M300) are shown in Figure 7. For both
M100 and M300, the modulus decreases with increasing lignin content. However, at a lignin content of
10 phr, the modulus of the NR/BR/HMKL composite is higher than that of the NR/BR/KL composite.
This could be due to the reaction between hydroxymethyl groups and the double bond of NR or BR,
which could form a covalent bond. Moreover, the modulus continues to reduce with increasing lignin
content at contents above 10 phr. This is due to the reduction of free volume, which leads to a decrease
in the flexibility and an increase in the stiffness of the composites. This observation correlates well with
the aforementioned high value of ΔM and crosslink density. Additionally, the reinforcement indexes
(M300/M100) of the HMKL-filled NR/BR composites were higher than those of the KL-filled NR/BR
composites at lignin contents of up to 10 phr (Figure 7c). This could be due to a reduction in the size
of the lignin particles, as claimed by Jiang et al. [29] and Popa et al. [30], leading to better dispersion
of lignin throughout the rubber matrix. Thus, the reinforcement index of the rubber composite for a
lignin content of up to 10 phr is slightly higher than for lignin contents of 15 and 20 phr.

 
Figure 7. The effect of HMKL content on (a) the tensile modulus of lignin-filled NR/BR compounds
at 100% strain, (b) the tensile modulus of lignin-filled NR/BR compounds at 300% strain, and (c) the
reinforcement index of lignin-filled NR/BR compounds.
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A proposed mechanism to elaborate the relationship between experimental results (e.g., tensile
strength, crosslink density, and reinforcement index) with hydroxymethylated lignin content is shown
in Figure 8. As depicted in the schematic illustration, the gray particles representing the HMKL
formed linkages with NR/BR. Thus, the adhesion between the modified lignin and the rubber matrix
is improved.

Figure 8. Schematic illustration of the proposed reinforcing mechanism of HMKL on NR/BR.

Filler particle size, filler dispersion, and filler–rubber interaction are three important factors that
influence the reinforcement of rubber composites. The HMKL particles are uniformly dispersed in the
NR/BR matrix. The HMKL particles are expected to react with the double bonds of NR or BR to form
a rigid rubber network during the mixing and curing processes [29]. Under stress, the formation of
covalent bonds between the NR/BR and HMKL will restrict the slippage of rubber molecules, which
leads to the ultimate maximal stress at smaller deformation. However, at higher HMKL content (more
than 10 phr), the lignin particles tend to self-aggregate and form agglomerations in the NR/BR matrix
due to polarity differences. Ultimately, these agglomerations cannot withstand the external stress,
which deteriorates the performance of the rubber compound. Therefore, the increase in the interfacial
adhesion between the NR/BR and HMKL at low HMKL contents of up to 10 phr is beneficial for
the transfer of external stress from the rubber matrix to the HMKL particles and results in a better
reinforcing effect of the NR/BR composite.

3.5. Compatibility of Lignin-Filled NR/BR

The SEM images obtained from tension-fractured surfaces of the KL- and HMKL-filled NR/BR
compounds are shown in Figure 9. The fractured surfaces of the KL-filled NR/BR composites (see
Figure 9a) contained many holes and large amounts of filler agglomerate. This may be due to the
incompatibility and poor interfacial adhesion between KL and the rubber matrix. Meanwhile, as shown
in Figure 9b, the HMKL-filled NR/BR composites with an HMKL content of 10 phr had a homogeneous
filler distribution due to the interaction between hydroxymethyl groups of the HMKL surface and
the rubber molecules. Additionally, the morphology of the surface might have generated more shear
force, leading to the break-up of the filler agglomerate. The use of more HMKL resulted in a rough
surface with large holes due to the detachment of lignin from the fractured surface. This proves that
the presence of low levels of HMKL improved interfacial bonding and filler dispersion.
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Figure 9. Scanning electronic microscopy (SEM) images of (a) NR/BR/KL10 at a lignin content of 10 phr,
(b) NR/BR/HMKL at a lignin content of 10 phr, and (c) NR/BR/HMKL at a lignin content of 20 phr.

3.6. Hardness

The hardness of a rubber composite refers to the ability of the surface of the rubber to resist the
penetration of an indenter and is related to the deformation of the rubber surface [47]. Figure 10 shows
the hardness of the NR/BR composites containing HMKL for different HMKL contents. As expected,
at low lignin contents of up to 10 phr, the HMKL-filled NR/BR composites have slightly higher hardness
values compared to the KL-filled NR/BR composites. At the same lignin content, HMKL-filled NR/BR
composites have higher stiffness compared to NR/BR/KL and NR/BR/CB50 (without lignin) composites.
This is due to the formation of crosslinking between the HMKL and the rubber chains. However,
a reduction in stiffness is observed with increasing lignin content, which is related to the reduction of
crosslink density. This phenomenon is due to the adsorption of zinc complexes on the surface of the
modified lignin, which disrupts the efficiency of sulfur vulcanization [48].

Figure 10. The effect of HMKL content on the hardness of lignin-filled NR/BR compounds.

3.7. Compression Set

Compression set tests were performed by applying stress to the NR/BR composites at certain
times to determine their ability to retain their elastic properties with respect to the lignin content.
The lower the compression set, the higher the ability of rubber vulcanizates to retain their elasticity.
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Figure 11 displays the value of the compression set (%) for NR/BR composites containing different
HMKL contents.

Figure 11. The effect of HMKL content on the compression set of lignin-filled NR/BR compounds as
obtained from compression tests.

The compression set of NR/BR/HMKL composites slightly decrease at low lignin contents of up to
10 phr. This might be due to the high crosslink density, as discussed earlier [49,50]. The decrease of the
compression of NR/BR/HMKL composites is also correlated to the HMKL-filled NR/BR composites,
which have high values of torque, crosslink density, tensile modulus, and hardness compared to
NR/BR/KL composites. This behavior is also due to the presence of hydroxymethyl functional groups
in the HMKL structure, which promotes filler–rubber interaction and the formation of crosslinks,
whereby it can prevent the recovery of the rubber molecular chains. However, when the HMKL content
is more than 10 phr, the compression value continuously increases with increasing HMKL content.
This increase is probably due to post-curing reactions which increase the tensile modulus and reducing
the mobility of rubber chains.

3.8. Flexing Resistance

The flexing resistance of NR/BR composites for different HMKL contents is shown in Figure 12.
The results show a significant decrease in the number of cycles needed for failure as the HMKL content
increases. The De Mattia flexing machine is operated at a high strain level rather than at a high stress
level [51,52]. Therefore, the outcomes of the flexing resistance tests are related to the tensile modulus of
the rubber composites. The larger the modulus, the shorter the total flexure lifetime. Moreover, a high
modulus also indicates a better per-cycle energy input. This is due to the fact that the growth of flexure
cracks is an energy-dependent process resulting in poor flexure life. Furthermore, the reduction of
rubber-chain flexibility increases the stiffness of rubber composites containing HMKL filler. This also
results in the reduction of flexing resistance. The other assumption is the coiling of rubber chains onto
the surface of the filler particles or the formation of lignin–rubber agglomerates, which result in reduced
flexing resistance [53]. Thus, failure begins at the position of a lignin–rubber agglomeration, which
breaks, leading to crack formation. This leads to failure when further crack propagation processes
occur. However, the flexing process is very complex, since it also involves the mechano-oxidative
aging process [21,54,55]. The lignin could act as an antioxidant which could partially avoid the harmful
effects of flexing.
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Figure 12. The effect of HMKL content on the flexing resistance of lignin-filled NR/BR compounds.

3.9. Heat Build-Up

The heat energy dissipated due to the friction between the filler particles and the rubber matrix
under repeated cycles of deformation and recovery is known as heat build-up [21]. The hysteresis that
generates heat build-up within rubber can lead to failure and reduce the durability of the material.
Figure 13 displays the heat build-up of the NR/BR composites containing HMKL and KL.

Figure 13. The effect of HMKL content on the heat build-up in lignin-filled NR/BR compounds.

The results show that the heat build-up reduces steadily with increasing lignin content. The heat
build-up of composites with HMKL is lower than for composites with KL, except for composites
with an HMKL content of 5 phr. For HMKL contents of more than 5 phr, the observed decreasing
trend of heat build-up (◦C) with increasing lignin content reflects good hysteresis properties. This is
possibly due to the flexibility of the chain backbones of rubber composites, which correlated well with
elongation at break value [48,56]. Gusev [57] reported that interfacial phenomena, rather than the filler
network, were responsible for the dissipation of heat energy in rubber. This is due to the high friction
between the lignin and the rubber matrix when the lignin content is increased. However, most studies
of heat generation report that rubber composites with low heat build-up have low hardness [58]. Thus,
the results show that as HMKL content increases, the heat build-up in NR/BR composites reduced.
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3.10. Thermal Stability

3.10.1. Aging Resistance

The aging of NR occurs due to the impact of oxygen, heat, and stress during processing, storage,
and service. The unsaturated backbone of NR is easily broken down due to environmental stresses,
such as attack by oxygen molecules, especially at high temperature. This phenomenon leads to the
chain scission of long molecular chains and reduces the molecular weight of rubber, which leads to less
entanglement. Therefore, the ability of the rubber matrix to transfer stress is reduced, which leads to
the deterioration of mechanical properties [59,60].

A variety of antioxidants were used to prevent the oxidative deterioration of the rubber composites,
as well as boost their heat stability. Figure 14 displays the percentage of aging retention of NR/BR
composites containing KL and HMKL. The composites were exposed to hot air conditions for 72 h,
and their retention of tensile properties was then calculated. Lignin that contains many hindered
phenolic hydroxyl and methoxy groups can form a special chemical structure which is able to capture
free radicals and terminate the chain reaction [60–62]. Thus, it can improve the aging resistance
of rubber.

 
Figure 14. The effect of HMKL content on the retention of (a) tensile strength and (b) tensile modulus
at 100% strain in lignin-filled NR/BR compounds.
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As shown in Figure 14a, the tensile strengths of NR/BR/KL and HMKL-filled NR/BR with an
HMKL content of 5 phr are lower than that of NR/BR with CB50. When more than 5 phr of HMKL is
incorporated into the NR/BR matrix, the tensile strength increases slightly, to almost the same value as
the KL-filled NR/BR composites. The percentage of tensile strength retention of HMKL-filled NR/BR
composites with HMKL contents of 10–20 phr shows almost the same value as that of the KL-filled
NR/BR composites. This means that less degradation occurred in HMKL-filled NR/BR composites with
higher HMKL contents. It is likely that the unchanged basic structure of lignin after modification with
highly branched phenolic groups prevents the rubber matrix from atmospheric degradation [44,63,64].

The increase in the retention values for M100 is shown in Figure 14b. The maximum measured
value is more than 110%. This might be due to the effect of chain scission and crosslinking reactions.
A macro-radical reaction occurred with the unsaturated double bond (C=C) in the rubber after hot air
aging, which increased the stiffness and hardness of the rubber due to further crosslinking [65] during
the post-curing process. This phenomenon might contribute to increasing brittleness, and hence,
the damping of rubber composites could suffer from increased brittleness. However, as also shown in
Figure 14b, the retention value of M100 is lower than that of NR/BR composites with CB50 (without
lignin). Therefore, HMKL-filled NR/BR is a more stable compound during the service life under
exposure to heat compared to compounds with CB50 (without lignin).

3.10.2. Thermogravimetric Analysis (TGA)

The thermal characteristics (thermogram, TG, and derivative weight loss, DTG) measured for
KL-filled NR/BR and HMKL-filled NR/BR are shown in Figure 15.

Figure 15. The effect of HMKL content on the thermal stability, thermogravimetric analysis (TGA),
and derivative weight loss (DTG) of lignin-filled NR/BR compounds.

The thermogram curves in Figure 15 show the degradation of the rubber composites, which
involved the degradation of the main chain of the rubber matrix via scission of the C–C bonds.
Two steps of degradation can be observed in the thermogram curves. The weight loss of the rubber
samples started at temperatures of around 180–200 ◦C. This is associated with volatile components, i.e.,
stearic acid, as well as the adsorption of water at around 300 ◦C. The first degradation started at 350 ◦C
and terminated at approximately 400 ◦C. In this phase, the natural rubber segment (polyisoprene) was
degraded, as indicated by the presence of a small peak in the DTG curve [66].

Natural rubber degradation is sensitive to the presence of an oxidized structure and the depletion
of sulphidic crosslinks. However, the thermogram in Figure 15 shows that the DTG peak (Tmax) for
NR/BR/HMKL was shifted towards a lower temperature, i.e., from 392 ◦C to 383 ◦C for NR/BR/KL

137



Processes 2019, 7, 315

and NR/BR/HMKL compounds, respectively. This shows there was a slight reduction in the thermal
stability of the NR/BR composite. Calco-Flores et al. [66] reported that unmodified lignin is extremely
effective at protecting rubber matrix from oxidation and high temperature due to the stabilizing effect
of lignin’s hindered phenolic hydroxyl groups towards reactions induced by oxygen and its radical
species. However, the modification of lignin slightly minimized the oxidative degradation of the
rubber. Additionally, it reduced the radical scavenging efficacy [40] of the attached hydroxymethylated
groups at the free reactive site (C5) of the phenolic structure and secondary aliphatic groups.

The second phase of decomposition occurred between 450 and 550 ◦C. This phase (shown
by a major peak in the DTG curve) was due to the cleavage of cross-linked BR and conjugated
polyene left after the first phase of degradation [67]. During this phase, a similarly large DTG peak
(Tmax) is visible, which indicates that the thermal stability was slightly higher at high temperature.
Meanwhile, there was more char residue from the compounds with KL than from the compounds
containing HMKL. This shows that the compounds with the unmodified lignin were more stable than
HMKL-filled compounds.

4. Conclusions

In this study, a detailed characterization of structural kraft lignin, both unmodified and modified
by hydroxymethylation treatment, was accomplished. The results show that the hydroxymethylation
treatment formed methylene bridges which bound together with the macromolecular lignin. It can be
concluded that the inclusion of HMKL in rubber composites weakened the filler–filler interaction and
improved the rubber’s processability. Furthermore, the compatibility and high interfacial adhesion
between the HMKL and the rubber matrix increased the cure rate of the rubber compound, and hence,
increased the crosslink density compared to KL-filled NR/BR composites. A consequent improvement
of the mechanical properties of the rubber composite at low HMKL contents of up to 10 phr was
clearly observed. However, the aging resistance and thermal stability did not alter significantly for
HMKL-filled NR/BRs as compared to the KL-filled NR/BRs. As a result, these properties influenced
the flexing resistances of NR/BR composites containing HMKL, whose flexing resistances were lower
than those of the NR/BR/KL composites. Replacing carbon black with HMKL at a content of up to
10 phr improves the rheological, curing, and mechanical performance of rubber composites. However,
it slightly lowers their thermal stability and flexing resistance.
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Abstract: Replacing petro-based materials with renewably sourced ones has clearly been applied
to polymers, such as those derived from itaconic acid (IA) and its derivatives. Di-n-butyl itaconate
(DBI) was (co)polymerized via nitroxide mediated polymerization (NMP) to impart elastomeric
(rubber) properties. Homopolymerization of DBI by NMP was not possible, due to a stable adduct
being formed. However, DBI/styrene (S) copolymerization by NMP at various initial molar feed
compositions fDBI,0 was polymerizable at different reaction temperatures (70–110 ◦C) in 1,4 dioxane
solution. DBI/S copolymerizations largely obeyed first order kinetics for initial DBI compositions
of 10% to 80%. Number-average molecular weight (Mn) versus conversion for various DBI/S
copolymerizations however showed significant deviations from the theoretical Mn as a result of chain
transfer reactions (that are more likely to occur at high temperatures) and/or the poor reactivity of
DBI via an NMP mechanism. In order to suppress possible intramolecular chain transfer reactions,
the copolymerization was performed at 70 ◦C and for a longer time (72 h) with fDBI,0 = 50%–80%,
and some slight improvements regarding the dispersity (Ð = 1.3–1.5), chain activity and conversion
(~50%) were observed for the less DBI-rich compositions. The statistical copolymers produced showed
a depression in Tg relative to poly(styrene) homopolymer, indicating the effect of DBI incorporation.

Keywords: nitroxide mediated polymerization; itaconate esters; copolymerization

1. Introduction

The limited supply of fossil resources has forced the exploration of renewable feedstocks as an
alternative route to materials such as polymers [1]. One such feedstock for polymers is itaconic acid
(IA), which was first isolated from the pyrolysis of citric acid [2,3] and is now made by fermentation
from fungi [3,4]. IA has been used historically in coatings, adhesives, binders and thickeners [1,5–8].
Itaconic acid’s high availability, low cost, structural similarity with acrylates and methacrylates, and its
dicarboxylic acid functionality have motivated research on the development of polymeric materials
from IA and derivatives like dialkyl itaconates or β monoalkyl itaconates [9,10]. Itaconic acid is indeed
listed as one of the most promising bio-based feedstocks according to a report from the Biomass
Program of the US Department of Energy [9]. The dual functionality of IA is particularly appealing as it
makes it possible to polymerize it via free radical mechanisms (Marvel and Shepherd first described it in
1959 [11]), step-wise polymerization mechanisms (such as using ring-opening step-wise polymerization
of itaconic anhydride [12–14]), ring-opening metathesis polymerizations (ROMP) [15,16] and acyclic
diene metathesis (ADMET) [17].

To impart a wider array of properties, itaconic acid derivatives such as poly(dialkyl itaconate)s
have provided flexibility in blends or in statistical or block copolymers. For example, di-n-butyl
itaconate (DBI) can impart lower glass transition temperatures in copolymers and consequently
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similar related dialkyl itaconates have been polymerized via conventional free radical polymerization
(FRP) [2,11,18–31] and more recently via reversible de-activation radical polymerization (RDRP),
also known as controlled radical polymerization (CRP), specifically reversible addition fragmentation
chain transfer polymerization (RAFT) [32,33] and atom transfer radical polymerization (ATRP) [34,35].
In one case, NMP has been reported using TEMPO-based initiators but no molecular weight
distributions were provided, ascribed to the styrene/DBI copolymers adsorbing onto the gel permeation
chromatography (GPC) columns [36]. Itaconate esters with stiffer substituents like itaconic anhydride
have been similarly polymerized by conventional radical polymerization [37–39] and controlled radical
polymerizations like RAFT [40] and would be expected to behave similarly to copolymerizations of
styrene with maleic anhydride to provide alternating monomer sequences in the chain.

In this report, we present the nitroxide-mediated polymerization (NMP) of DBI/S using
the BlocBuilder family of unimolecular initiators to obtain statistical copolymers with enhanced
elastomeric properties. These initiators improved upon TEMPO-based initiators in permitting
the homopolymerization of acrylates, acrylamides and methacrylates (with a small concentration of
controlling co-monomer ~ 1mol%–10 mol%), which was not possible with first-generation nitroxides [41].
NMP has often been overlooked compared to RAFT and ATRP as an RDRP process, as witnessed by
the case with the itaconate esters. Unlike the RAFT and ATRP systems, very little post-polymerization
work-up is required without removal of transition metal ligands or odorous chain transfer agents [41],
although these issues have been enormously reduced recently [42–44]. The advantages associated
with NMP thus make it worthwhile to evaluate its ability to polymerize itaconate-based monomers,
which should be challenging due to the secondary vinylic bond in its structure. Thus, our goal here
is to apply NMP to obtain (co)polymers with active chain ends and controllable molecular weight
(Scheme 1). We thus studied the polymerizations as a function of temperature, initial compositions
and effect of solvent.

Scheme 1. Reaction scheme to copolymerize DBI with S via NMP using NHS-BlocBuilder as initiator.

2. Materials and Methods

2.1. Materials

N-(2-Methylpropyl)-N-(1-diethylphosphono-2,2-dimethylpropyl)-O-(2-carboxylprop-2-yl)
hydroxylamine (99%, BlocBuilder-MATM) was received from Arkema. N,N’-Dicyclohexylcarbodimide
(DCC, 99%) was received from Sigma-Aldrich and used in conjunction with BlocBuilder-MATM to
synthesize the succinimidyl ester terminated alkoxyamine NHS-BlocBuilder following a procedure
previously reported [45]. Tetrahydrofuran (THF, 99.9% HPLC grade), dioxane (99%), methanol (99%)
and 1,4-dioxane (99%), were purchased from Fisher Scientific. Styrene (99%, S) was purified to remove
the inhibitor by passing through a column of basic alumina mixed with 5 weight% calcium hydride
and then stored in a sealed flask under a head of nitrogen in a refrigerator until needed. Di-n-butyl
itaconate (96%, DBI), dimethyl itaconate (96%, DMI), isobutyramide (99%), calcium hydride (90–95%
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reagent) and basic alumina (Brockmann, Type 1, 150 mesh) were purchased from Sigma-Aldrich and
used as received. Chloroform-D (99.8%) was obtained from Cambridge Isotope Laboratories.

2.2. DBI/S Copolymerization

The copolymerizations were performed in a 15 mL three-neck round bottom glass flask equipped
with a vertical flux condenser, a thermal well and a magnetic Teflon stir bar. The flask was placed on a
heating mantle and the equipment was placed on a magnetic stirrer. The condenser was connected
to a chilling unit that used a glycol/water mixture (10/90 v/v %) to prevent loss of the monomers and
solvent due to evaporation. To the reactor is added the initiator (NHS-BlocBuilder, 0.10 g), 50 wt%
solvent (1,4-dioxane), and varying compositions of DBI and S. Once stirring started and the chiller is
set to 4 ◦C, an ultra-pure nitrogen flow was introduced to purge the system for 30 min. An example is
used for DBI/S-110-20. In this case, 0.10 g (2.09 × 10−4 mol) of NHS-BlocBuilder was added to 1.59 g
DBI (0.066 mol) and 2.73 g (0.0262 mol) of previously purified S along with 5.11 mL of dioxane solvent.
A thermocouple was inserted into the temperature well and connected to a controller. The reactor
was then heated to the chosen reaction temperature while maintaining the nitrogen purge and stirring
with a magnetic stir bar. Table 1 shows the different formulations that were studied. Samples were
taken periodically, and once the last sample was taken, 50 mL of methanol was added to the remaining
solution to precipitate the polymer. The precipitated polymer was dried overnight in a vacuum oven
at 45 ◦C to remove any remaining solvents or unreacted volatile monomers (styrene). The composition
of the copolymer was determined by 1H NMR using the methyl end groups of DBI and the aromatic
styrene protons (ppm, CDCl3): (t, 0.8–1.05, CH3-CH2-CH2-), (m, 1.2–1.6, backbone and CH3-CH2-CH2-,
CH3-CH2-CH2-), (s, 2.7, ≡C-CH2-COO-), (m, 4.2, COO-CH2-CH2-CH2-CH3), (ar, 6.4–7.7, -C6H5).
The molecular weight according to GPC for the specific example was Mn = 12.3 kg·mol−1, Đ = 1.37,
relative to PS standards in THF at 40 ◦C.

Table 1. Formulations for dibutyl itaconate/styrene (DBI/S) statistical copolymerizations initiated by
NHS-BlocBuilder (NHS-BB) at 70–110 ◦C in 50 wt% 1,4-dioxane solutions.

Sample ID a fDBI,0
a T (◦C) [DBI] (M) [S] (M) [NHS-BB] (M) [Dioxane] (M)

DBI/S-110-10 0.10 110 0.41 3.62 0.026 5.54
DBI/S-110-20 0.20 110 0.73 2.91 0.023 5.58
DBI/S-110-30 0.29 110 0.99 2.33 0.021 5.61
DBI/S-110-40 0.40 110 1.22 1.83 0.019 5.64
DBI/S-110-50 0.51 110 1.41 1.41 0.018 5.66
DBI/S-110-60 0.60 110 1.58 1.05 0.017 5.68
DBI/S-110-70 0.71 110 1.72 0.73 0.016 5.69
DBI/S-110-80 0.80 110 1.84 0.46 0.015 5.71
DB1/S-100-50 0.50 100 1.41 1.41 0.018 5.66
DBI/S-80-50 0.50 80 1.41 1.41 0.018 5.66
DBI/S-70-50 0.50 70 1.41 1.41 0.018 5.66
DBI/S-70-60 0.60 70 1.58 1.05 0.017 5.68
DBI/S-70-70 0.70 70 1.72 0.73 0.016 5.69
DBI/S-70-80 0.80 70 1.84 0.46 0.015 5.71
DBI/S-70-90 0.90 70 1.96 0.22 0.014 5.72

a Sample ID is defined as: DBI/S-XXX-YY = dibutyl itaconate (DBI)/styrene (S) statistical copolymerization at XXX =
temperature (◦C) and YY =% molar composition of DBI in initial mixture with molar fraction given as fDBI,0.

2.3. Chain Extension Experiments

To determine chain end fidelity, chain extension experiments were performed using two
macroinitiators, one rich in DBI (DBI/S-110-80; Mn = 2.60 kg mol−1, Đ = 1.36) and the other rich in
S (DBI/S-110-20, Mn = 12.3 kg mol−1, Đ = 1.37). For DBI/S-110-20 as the macroinitiator, typically
1.00 g of macroinitiator was placed inside the reactor with 6.00 g of 1,4 dioxane solvent and 5.00 g
of styrene monomer previously purified and mixing started with a magnetic stir bar. The identical
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reactors conditions were applied as for the copolymerizations described in Section 2.2. After purging
with nitrogen at room temperature for 30 min, the temperature was increased to 110 ◦C to commence
the chain extension. The nitrogen purge remained during the rest of the reaction. Samples were
periodically taken to assess the molecular weight distribution. At the conclusion of the polymerization
after cooling to < 40 ◦C, the contents were precipitated into 50 mL of methanol. The precipitated
polymer was dried overnight in a vacuum oven at 45 ◦C to remove any remaining solvents or unreacted
volatile monomers (styrene). For DBI/S-110-20 product (DBI-S-110-20-b-S) the Mn = 22 100 kg mol−1,
Đ = 1.61. A similar procedure was followed using DBI/S-110-80 as the macroinitiator.

2.4. Characterization

Gel permeation chromatography (GPC) was used to obtain molecular weight distributions
(MWDs) of the different copolymer samples using HPLC grade THF as the mobile phase. The GPC was
calibrated relative to linear PS standards with THF as the eluent at 40 ◦C. A Waters Breeze GPC system
was used at a mobile phase flow rate of 0.3 mL·min−1 equipped with three Styragel HR columns (HR1
with a molecular weight measurement range of 102 to 5 × 103 g mol−1, HR2 with a molecular weight
measurement range of 5 × 102 to 2 × 104 g mol−1 and HR4 with a molecular weight measurement
range of 5 × 103 to 6 × 105 g mol−1) and a guard column. The GPC was equipped with an RI 2410
differential refractive index (RI) detector. For these experiments, the RI detector was used. DBI/S
conversion and copolymer composition were determined by 1H NMR in CDCl3. A 300 MHz Varian
Gemini 2000 spectrometer was used for the 1H NMR measurements. Samples were placed in 5 mm
up NMR tubes using CDCl3 as a solvent. After injecting and shimming, the samples were scanned
32 times. Individual conversions were calculated using the integrated areas at δ = 6.4–7.7 ppm for the
aromatic protons of styrene and δ = 0.8–1.05 ppm for DBI and taking the reference peaks at 5.3 and
6.1 ppm for the vinyl protons of styrene and DBI, respectively. Once the individual conversion of each
monomer was determined, the overall molar conversion was calculated by the following equation:
Xoverall = XS fS,0 + XDBI fDBI,0, where fS,0 and fDBI,0 are the initial molar fractions of the monomers
and Xs and XDBI are the individual monomer conversions determined from 1H NMR measurements.
Differential scanning calorimetry (DSC) was used to determine the glass transition temperature (Tg) of
the various copolymers. A cycle of heat/cool/heat with a heating rate of 10 ◦C min−1 was performed on
the samples and Tg was determined by observing the change in slope in the heat flow (W g−1) versus
temperature plot and finding the inflection point using TA Universal Analysis software.

3. Results and Discussion

We first attempted to determine the best conditions for the controlled polymerization of dialkyl
itaconates, which is defined here as linear progression of degree of polymerization with monomer
conversion, dispersity Ð (Mw/Mn) < 1.5 and ability to reinitiate a second batch of monomer. Initially,
the homopolymerization of DBI via NMP at different temperatures was examined. Interestingly,
although DBI was homopolymerized via conventional radical processes and RDRP processes such as
RAFT [32,33] and the related dimethyl itaconate (DMI) by ATRP [34], DBI did not homopolymerize via
NMP with no conversion after several hours at elevated temperatures of ~110 ◦C. We also examined
the homopolymerization of dimethyl itaconate (DMI) under the same conditions and again observed
no conversion after several hours. We suspected this was due to a stable adduct formed by reaction of
the alkoxyamine (NHS-BlocBuilder) and one unit of DBI (see Figure 1). The nature of the C-O-N bond
between the alkoxyamine and the monomer is very stable since it is centered on a quaternary carbon,
and therefore has a high activation energy barrier to produce the propagating radicals required for
subsequent polymerization. During the initiation stage of NMP, when the alkoxyamine is activated for
the first time, the initiating radical is produced and reacts with the one monomer unit prior to being
deactivated by the nitroxide moiety, rendering the adduct.

146



Processes 2019, 7, 254

Figure 1. Possible adduct formed during the homopolymerization of dibutyl itaconate (DBI) via NMP
with NHS-BlocBuilder.

From other radical polymerizations, the stability of this particular radical is reflected in the much
lower kp of dialkyl itaconates compared to styrenic and (meth) acrylic monomers. For example,
PLP-SEC measurements revealed the kp of DBI~40 L mol−1 s−1 at 110 ◦C by extrapolation [46], which is
much lower, by comparison to styrene, which has a kp~1580 L mol−1 s−1 at the same temperature [47].
The application of group transfer polymerization (GTP) to dialkyl itaconates revealed only the ability
to cap a chain end but no further addition of more monomer units was observed [48,49]. Further, chain
transfer to monomer is prevalent in systems with sterically hindered monomers like DBI and were
argued to be related to the very low kp of dialkyl itaconates [50]. In ATRP systems, for DMI with copper
halides teamed with various ligands such as methyl 2-bromopropionate (MBrP), p-toluene 2-sulfonyl
chloride, pentamethyl diethylenetriamine (PMDETA) and 2,2’bipyridine (bpy) at temperatures of 100 ◦C
and 120 ◦C, were controlled up to about 50% conversion, with an abrupt decrease in polymerization
rates at that juncture [34]. These variations did not enhance polymerization rate or control of the
polymerization. Later, Hirano et al. employed ATRP of DBI at 60 ◦C; higher temperatures resulted in
intramolecular chain transfer [25]. This same group continued to try to increase the rate of reaction by
using hydrogen bonding and Lewis acids [26,27]. In RAFT systems, a variety of CTAs were applied,
and poly(DBI) could be homopolymerized in a controlled fashion at low temperatures of ~20 ◦C,
which likely suppressed many transfer reactions, although rate of polymerization was compromised
(e.g., 150 h to obtain 50% conversion) and generally fairly low molecular weights resulted [33]. Thus,
our experiments generally matched that observed previously, but NMP of dialkyl itaconates did not
result in polymer with appreciable molecular weight, compared to ATRP and RAFT processes. We thus
turned our attention to binary copolymerization systems with a monomer that is easily polymerizable
by NMP: styrene.

We performed copolymerizations of DBI with S (fDBI,0 = 0.1 to 0.8) at 110 ◦C, as NMP of
styrenic-based monomers is well controlled and relatively fast at such temperatures [51]. We attempted
to see if the polymerization kinetics we observed would approach those predicted for NMP of model
copolymerizations. Semi-logarithmic kinetic plots of the different copolymerizations (ln(1/(1 − X))
versus time) were used to extract the apparent rate constant,

〈
kp
〉
[P·] from the slope, where

〈
kp
〉

is the
compositionally averaged propagation rate constant and [P·] is the concentration of the active chains.
Such a plot would be expected to be linear.

ln
( 1

1−X

)
= kp[P·]t (1)

We would expect the propagation rate to vary as a function of the copolymerization feed.
The propagation rate constant that we are measuring is actually an average rate constant that is
dependent on the individual propagation rate constants and the reactivity ratios as exemplified for
a terminal kinetic model (since reactivity ratio data was available for the DBI/S pair) in Equation (2)
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where r1 and r2 are the reactivity ratios of monomers 1 and 2, f1 and f2 are the respective molar fractions
of the monomer mixture and k11 and k22 refer to the individual homopropagation rate constants [52].

〈kp〉 =
r1 f 2

1 + 2 f1 f2 + r2 f 2
2

r1 f1
k11

+
r2 f2
k22

(2)

The steady-state concentration of radical ended chains, is provided by Fischer’s expression [53]:

[P·] =
( 〈K〉[I]0

3〈kt〉
)1/3

t−1/3 (3)

where 〈K〉 is the average equilibrium constant, [I]0 is the initiator concentration, 〈kt〉 is the average
termination rate constant and time is given by t. Further, 〈K〉 assuming a terminal model, was provided
by Charleux and co-workers in Equation (4) [54].

〈K〉 =
r1 f1
k11

+
r2 f2
k22

r1 f1
k11K1

+
r2 f2

k22K2

(4)

Here, the individual reactivity ratios, monomer molar fractions and individual homopropagation
rate constants are defined as above while K1 and K2 are the individual equilibrium constants. The
termination rate constant is provided by the following [55]:

〈kt〉 =
(
p1k1/2

t,1 + p2k1/2
t,2

)2
, (5)

where:

p1 =

r1 f1
k11

r1 f1
k11

+
r2 f2
k22

and p2 = 1− p1 (6)

For the terminal model, all of the parameters are available, with the exception of the K for DBI,
to predict the apparent rate constant

〈
kp
〉
[P·], which can be compared to our experimental values. Thus,

reactivity ratios are used from DBI/S conventional radical copolymerizations at 60 ◦C in benzene (rDBI

= 0.38 ± 0.02 and rS = 0.40 ± 0.05; [19] while the propagation rate constants at 110 ◦C for DBI and S
being kp,DBI = 40 L·mol−1·s−1 [46] and kp,S = 1580 L·mol−1·s−1 [47], respectively. The KS is estimated to
be 1.1 × 10−9 s−1 at 110 ◦C [51,56] while individual termination rate constants at 110 ◦C are estimated
to be kt,DBI = 1.4 × 106 L·mol−1·s−1 [57] and kt,S = 1.5 × 108 L·mol−1·s−1 [58]. As fDBI,0 is increased,
the experimental

〈
kp
〉
[P·] did not vary much. Iterating on KDBI to try to fit the data only resulted in good

agreement between the experimental and predicted relationship at high fDBI,0 (Figure 2). There are
several possible explanations for the disagreement. First, there could indeed be a strong penultimate
effect as was suggested by Yee et al. [59]. For DMI/S copolymerizations, the terminal model for the

〈
kp
〉

did not match the experimental data very well. We suspect that a similar effect was occurring in the
DBI/S system. Further, Yee et al. found that the terminal group was nearly always DMI up to very high
styrene content (~80 mol%) [59]. They found that this particular pair had a strong penultimate unit
effect on the copolymerization propagation rate constant and the measured average propagation rate
constant was about three times higher than that predicted by the terminal model. In RAFT and ATRP,
the same stability of the dialkyl itaconate was noted and further it was stated that the polymerization of
DBI or DMI was not a truly reversible deactivation polymerization process and was indeed a mixture
between conventional and controlled polymerization [60].
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Figure 2. Apparent rate constant kp[P·] as a function of initial molar composition of dibutyl itaconate,
fDBI,0, for DBI/S copolymerizations at 110 ◦C in 50 wt% dioxane solutions. The dashed lines indicate
the prediction for kp[P·] based on the terminal model for the copolymerization.

The Mn versus conversion plots are shown in Figure 3 where Figure 3a plots polymerizations
with initial feed compositions of fDBI,0 = 0.1–0.4 while Figure 3b plots polymerizations with initial feed
compositions of fDBI,0 = 0.5–0.8. For low initial loadings of DBI such as for fDBI,0 = 0.10 and 0.20, Mn

increased linearly with X. However, experiments with fDBI,0 > 0.20 (Figure 3b), plateauing of the Mn

became increasingly evident. (full data set of Mn, Mw, individual conversion of the copolymerizations
carried out at 110 ◦C are shown in Table S1 of the Supporting Information).

Figure 3. Number average molecular weight Mn and dispersity Đ versus overall conversion (X) for
DBI/S copolymerization at (a) initial molar compositions of DBI fDBI,0 = 0.1–0.4 (fDBI,0 = 0.1 are open
circles , fDBI,0 = 0.2 are solid diamonds , fDBI,0 = 0.3 are open squares �, and fDBI,0 = 0.4 are solid
triangles �) and at (b) initial molar compositions of DBI fDBI,0 = 0.5–0.8 (fDBI,0 = 0.5 are open circles ,
fDBI,0 = 0.6 are solid diamonds , fDBI,0 = 0.7 are open squares �, and fDBI,0 = 0.8 are solid triangles �).

One of the reasons for this behavior can be attributed to the high affinity of the itaconate monomer
to be involved in chain transfer reactions [18,25]. For a DBI conventional free radical polymerization,
the chain-transfer reaction occurs when the propagating radical abstracts a hydrogen atom from a
monomer unit, yielding an end-saturated polymer chain and a new monomeric radical [18]. Later,
Hirano and Takayoshi suggested that at temperatures higher than 60 ◦C, intramolecular chain-transfer
reactions are favored [25]. They argued that this happens due to the formation of a less stable
secondary radical from a more stable tertiary radical, which requires a higher activation energy than
the propagating reaction [25]. In an NMP process, intramolecular chain-transfer reactions might occur
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when the chains are active. Hirano and Takayoshi also suggested that chain-transfer reactions can be
suppressed by a reversible deactivation process such as ATRP [25]. However, in the NMP process,
the reactivation of the polymer chains depends on the homolysis capability of the C-O-N bond formed
between the alkoxyamine and the DBI monomer unit as previously discussed. Together with the
irreversible chain termination reactions that occur inevitably, the chain transfer/termination becomes
more prominent at higher DBI initial compositions. As illustrated in Figure 3b, when fDBI,0 > 0.5,
the Mn is almost constant at any conversion and as fDBI,0 the plateau Mn decreases (as these reactions
happen more frequently and earlier). These same trends are shown in the GPC chromatograms in
Figure 4. At fDBI,0 < 0.3, the molecular weight distributions shift steadily to higher molecular weight
while propagation is essentially stopped for fDBI,0 > 0.6 with only a few monomeric units added on as
the Mn listed in Table 2 (from GPC relative to PS standards) indicate.

Figure 4. GPC traces (elution time) of DBI-S copolymerizations done at done at 110 ◦C.: (a) fDBI,0 = 0.1,
(b) fDBI,0 = 0.2, (c) fDBI,0 = 0.3, (d) fDBI,0 = 0.4, (e) fDBI,0 = 0.5, (f) fDBI,0 = 0.6, (g) fDBI,0 = 0.7, (h) fDBI,0 = 0.8.
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Table 2. Summary of dibutyl itaconate/styrene copolymerizations in 50 wt% dioxane solution at 110 ◦C.

Sample ID a fDBI,0 Time (min) X b FDBI
c Mn (kg mol−1) d Đ d

DBI/S-110-10 0.10 120 0.51 0.13 11.2 1.28
DBI/S-110-20 0.20 140 0.61 0.25 12.3 1.37
DBI/S-110-30 0.29 170 0.80 0.30 9.9 1.57
DBI/S-110-40 0.40 200 0.91 0.40 7.6 1.72
DBI/S-110-50 0.51 180 0.87 0.45 5.5 1.68
DBI/S-110-60 0.60 180 0.71 0.50 5.0 1.62
DBI/S-110-70 0.71 230 0.75 0.60 3.7 1.52
DBI/S-110-80 0.80 240 0.50 0.65 2.6 1.36

a Sample ID is defined as: DBI/S-XXX-YY = dibutyl itaconate (DBI)/styrene (S) statistical copolymerization at
XXX = temperature (◦C) and YY = % molar composition of DBI in initial mixture with molar fraction given as
fDBI,0. b X = overall molar conversion. c The final copolymer composition with respect to DBI is given as FDBI and
determined by 1H NMR. d Number average molecular weight Mn and dispersity Đ determined by GPC relative to
poly(styrene) standards in THF at 40 ◦C.

With the apparent loss of control with copolymerizations richer in DBI, we carried out a study of
copolymerizations of DBI/S (50/50 mol%) at lower temperatures of 100, 80 and 70 ◦C and compared the
results observed at the same composition at 110 ◦C in order to determine if lower temperature might
reduce the possible intramolecular chain transfer reactions. Figure 5 shows the Mn versus overall
conversion plots for the DBI/S copolymerizations (fDBI,0 = 0.5) done at 110, 100, 80 and 70 ◦C. Table 3
also summarizes the various properties for these equimolar copolymerizations. Indeed, temperature is
a factor that affects the overall conversion and it was therefore necessary to run reactions for longer
at lower temperatures. For example, conversion was close to 90% in only 180 min at 110 ◦C but at
70 ◦C, overall conversion was only 47% after three days. There seemed to be only slight improvement,
but the molecular weight did not plateau as early as with polymerizations done at higher temperatures.
This observation is supported by the GPC traces in Figure 6, which shows the polymerization at 70 ◦C
continually growing whereas at 110 ◦C, the polymerization was effectively stopped.

Figure 5. Number average molecular weight Mn and dispersity Đ versus overall conversion (X) for
DBI/S copolymerizations at composition fDBI,0 = 0.5 at various temperatures: at (a) 110 ◦C (filled circles
�), (b) 100 ◦C (filled squares�), (c) 80 ◦C (open diamonds ¯) and (d) 70 ◦C (open triangles �).
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Table 3. Summary of equimolar dibutyl itaconate/styrene copolymerizations in 50 wt% dioxane solution
at various temperatures.

Sample ID a fDBI,0 Time (min) X b Mn (kg mol−1) c Đ c

DBI/S-110-50 0.51 180 0.87 5.5 1.68
DBI/S-100-50 0.50 180 0.59 7.1 1.53
DBI/S-80-50 0.50 340 0.41 5.8 1.42
DBI/S-70-50 0.50 4320 0.47 8.0 1.42

a Sample ID is defined as: DBI/S-XXX-YY = dibutyl itaconate (DBI)/styrene (S) statistical copolymerization at XXX
= temperature (◦C) and YY = % molar composition of DBI in initial mixture with molar fraction given as fDBI,0.
b X = overall molar conversion. c Number average molecular weight Mn and dispersity Đ determined by GPC
relative to poly(styrene) standards in THF at 40 ◦C.

Figure 6. GPC traces of DBI-S copolymerizations (fDBI,0 = 0.50 in all cases) done at (a) 110 ◦C, (b) 100 ◦C,
(c) 80 ◦C and (d) 70 ◦C.

Table S2 in the Supporting Information shows the individual conversion of DBI and S, Mn, Mw

and Ð for DBI-S copolymerizations (50–50 mol%) done at 110, 100, 80 and 70 ◦C. In every case,
the conversion of S was higher than DBI, meaning that the final composition of the copolymers is richer
in S than DBI. The GPC traces of the copolymerizations for DBI-S (50–50 mol%) done at 110, 100, 80
and 70 ◦C are shown in Figure 6. Although at 110 ◦C almost full conversion was achieved at relatively
shorter times, the GPC traces at this temperature (Figure 6a) showed little growth towards higher chain
lengths [41] and the same molecular weight distribution from the early stages of the reaction just became
broader during the course of the reaction. Although the conversion did increase linearly with time,
this might be due to the chain transfer and termination of chains with the formation of low molecular
weight chains. The GPC traces of the reactions at 100 ◦C and 80 ◦C moved towards higher molecular
weight only at the early stages of the reactions (low conversion) and low molecular weight tailing
was still observed, followed by no further increase in molecular weight after about 30% conversion.
At 70 ◦C, although the reaction took longer to reach 40% conversion ~ 2 days, it showed shifting
towards higher molecular weight and very little tailing. As noted earlier for the radical polymerization
of DBI, intramolecular chain transfer side reactions take place at high temperatures [25] which was
corroborated by our DBI/S copolymerizations at fDBI,0 = 0.50. We thus focused on copolymerizations at
the lower temperature of 70 ◦C for three days to see if the mixtures with higher DBI loadings led to
higher molecular weight polymers.
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As observed from Figure 5, with decreasing temperature, the Mn versus conversion slightly shifts
up toward the theoretical line which shows intramolecular chain transfer reactions can be mitigated to
some degree by decreasing temperature. The control of the polymerizations seems to be better at 70 ◦C.
At this temperature, as the compositions become richer in DBI, the Mn versus conversion plots do rise
but still become noticeably flatter with conversion (Table 4 summarizes the copolymerizations while
Figure 7 shows Mn versus conversion and individual conversions are listed in Table S3 of Supporting
Information). The GPC chromatograms for experiments with fDBI,0 = 0.60, 0.70 and 0.80 at 70 ◦C
show clear shifts towards higher molecular weights (Figure 8). Only in the case of fDBI,0 = 0.90 do the
GPC traces show no growth. Also, it is worth mentioning that the obtained molecular weight is still
much lower than the expected value. The main reason could be that the maximum temperature of the
reaction which is suggested by Hirano and Tayoshi is 60 ◦C, which was not tested in our experiment
due to the minimum temperature required for NHS-BlocBuilder dissociation (T ≥ 65 ◦C) [61]. Thus,
DBI/S copolymerizations can be pushed to higher initial DBI compositions > 50 mol%, provided
the polymerization temperature does not decrease < 65 ◦C. Another issue regarding the differences
between the actual and theoretical molecular weights is the difference in hydrodynamic volume from
GPC measurements. All of the GPC measurements here were measured relative to PS standard in
THF. For poly(DBI), no Mark-Houwink-Sakurada (MHS) parameters were available for THF but MHS
parameters for poly(DBI) in THF were reasonably approximated by those for poly(DBI) in toluene at
similar temperatures (K = 5.7 × 10−3 mL g−1, a = 0.70 at 25 ◦C) [62]. These MHS parameters are similar
to PS in THF at 25 ◦C (K = 14.1 × 10−3 mL g−1, a = 0.70 at 25 ◦C) [63]. The differences in hydrodynamic
volume would not be very significant between PS and poly (DBI) and would not be solely responsible
for the flattening of the Mn versus conversion plots for the copolymerizations performed.

Table 4. Summary of dibutyl itaconate/styrene copolymerizations in 50 wt% dioxane solution at 70 ◦C
at different initial compositions.

Sample ID a fDBI,0 Time (min) X b Mn (kg mol−1)
c Đ c

DBI/S-70-60 0.60 4320 0.56 6.9 1.63
DBI/S-70-70 0.70 4320 0.58 7.2 1.41
DBI/S-70-80 0.80 4320 0.66 5.9 1.33
DBI/S-70-90 0.90 4320 0.38 3.2 1.38

a Sample ID is defined as: DBI/S-XXX-YY = dibutyl itaconate (DBI)/styrene (S) statistical copolymerization at XXX =
temperature (◦C) and YY = % molar composition of DBI in initial mixture with molar fraction given as fDBI,0. b X =
overall molar conversion. c Number average molecular weight Mn and dispersity Đ determined by GPC relative to
poly(styrene) standards in THF at 40 ◦C.

Figure 7. Number average molecular weight Mn versus overall conversion (X) for DBI/S copolymerization
with initial DBI feed compositions fDBI,0 = 0.60–0.90 done at 70 ◦C: fDBI,0 = 0.6 (filled circles,�); fDBI,0 = 0.7
(open circles, �); fDBI,0 = 0.8 (filled squares, �), fDBI,0 = 0.9 (open squares, �).
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Figure 8. GPC traces (elution time) of DBI-S copolymerizations at 70 ◦C at (a) fDBI,0 = 0.60, (b) fDBI,0 = 0.70,
(c) fDBI,0 = 0.80 and (d) fDBI,0 = 0.90.

It should be stated that we attempted further DBI copolymerizations with methyl methacrylate
(MMA) using NHS-BlocBuilder with little avail at temperatures between 90 and 110 ◦C. It is likely that
the nitroxide adduct with DBI is too stable even when using a monomer like MMA that has a higher kp

compared to S at similar temperatures.
Finally, chain extension experiments with S using a P(DBI/S) macroinitiator were done: S-rich

(fDBI,0 = 0.2) or DBI-rich (fDBI,0 = 0.8) macroinitiators were used from the copolymerizations done at
110 ◦C (Table 5 summarizes the chain extensions). In a typical NMP system, it is well-established
that <10% of the polymer chains are irreversibly terminated, which means than >90% of the chains
are end-functionalized with nitroxide moieties capable of reactivation to allow extension of the
polymer chains [41]. The main objective of these experiments was to confirm our previous discussions,
specifically if the DBI-rich macroinitiator could be re-activated and add the second batch of monomer.
Figure 9a shows the GPC traces of the chain extension experiment using a macroinitiator with
fDBI,0 = 0.2.

Table 5. Summary of chain extension reactions of dibutyl itaconate/styrene (DBI/S) macroinitiators
with styrene at 110 ◦C in 50 wt% dioxane solution.

Experiment
Macroinitiator Product

Mn (kg mol−1) Đ Mn (kg mol−1) Đ

DBI/S-110-20-b-S 12.3 1.37 22.1 2.99
DBI/S-110-80-b-S 2.6 1.36 19.2 1.61
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Figure 9. GPC traces (elution time) of DBI-S chain extension experiments with S at 110 ◦C using a
macroinitiator P(DBI-S) a) fDBI,0 = 0.20 and b) fDBI,0 = 0.80.

As expected, shifts towards higher molecular weights were observed with time, but also some
tailing, meaning that most of the polymer chains end-capped with SG1 did extend. When the
macroinitiator from a feed of fDBI,0 = 0.8 was used, the GPC traces (Figure 9b) exhibited some shifting
to higher molecular weight with time, but each trace had a very pronounced shoulder, confirming that
most of the polymer chains are either terminated or are not capable to be reactivated again.

One of the potential applications of poly (dialkyl itaconates) is as a component in thermoplastic
elastomers. They can be copolymerized in much the same way as dienes are with monomers like styrene
to afford tough but flexible materials. The reactivity ratios for the DBI/S system by conventional radical
polymerization were reported previously in benzene at 60 ◦C (rDBI = 0.38± 0.02 and rS = 0.40 ± 0.05 [19].
In the same study, reactivity ratios were similar for other di-n-alkyl itaconates (DXI where X =methyl,
n-ethyl, n-propyl, n-amyl and n-octyl) (rDXI = 0.25–0.60, rS = 0.25–0.40). More recently, others have
extended the analysis to higher di-n-alkyl itaconates (n = 12, 14, 16, 18 and 22) in bulk conventional
free radical polymerization at 60 ◦C using AIBN initiator [28]. For n = 12, 14, 16, reactivity ratios for
di-n-alkyl itaconate ranged from 0.22–0.28 and rS = 0.19–0.39 while for n = 18 and 22, rDXI = 0.42–0.50
and rS = 0.37–0.47. Similar ranges in reactivity ratios were observed for DMI/S copolymerizations
although there was considerable spread in the data (Davis and co-workers found that DMI was
contaminated with poly (DMI) [59]. Our data, after fitting with Fineman-Ross and Kelen-Tudos
methods, revealed rDBI = 0.29 and rS = 0.59 and rDBI = 0.32 and rS = 0.77, respectively. A non-linear
least square fitting to the Mayo-Lewis equation provided rDBI = 0.31 and rS = 0.61.

Given that conditions for obtaining higher loadings of DBI are accessible, it would be possible
now to tune the desired glass transition temperature (Tg) of the copolymers, which was measured
using differential scanning calorimetry (DSC). The variation in Tg with composition is bracketed by the
Tgs of the homopolymers (Tg,PS are 100 ◦C [64] while the Tg,PDBI has been reported to vary between
5–17 ◦C [22,30,65,66]). Figure 10 shows the Tg of the various statistical copolymers as function of final
copolymer composition as well as the Fox equation prediction, which is given in Equation (7) where
wDBI and wS are the weight fractions of DBI and S and Tg,PDBI and Tg,PS are the experimental Tgs of
PDBI and PS homopolymers.

1/Tg,th = wDBI/Tg,PDBI + wS/Tg,PS (7)

Although the fit to the Flory-Fox equation is not particularly good, it is still clear that even having a
low fraction of DBI in the copolymer was able to dramatically reduce the Tg. For example, a copolymer
with composition FDBI = 18 mol% had a Tg of 45 ◦C, much lower than the Tg of the PS homopolymer
(~100 ◦C). This is due to the flexibility that DBI provided to the polymer chains, giving additional free
volume and thus a dramatic decrease in the Tg. The copolymers were noticeably more flexible with
increasing DBI composition.
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Figure 10. FDBI effects on Tg in P(DBI-S) statistical copolymers. The Fox equation prediction of
the P(DBI-S) Tg are represented by the dotted line while the experimental data is presented by the
solid circles.

4. Conclusions

In this study, nitroxide-mediated copolymerization of DBI with S was studied using the
succcinimdyl functionalized NHS-BlocBuilder at different temperatures. It was not possible to
obtain homopolymers of PDBI by NMP, likely due to the formation of a stable adduct, effectively
blocking further propagation. When DBI was copolymerized with styrene-rich initial compositions
(fDBI,0 < 0.2) at 110 ◦C, Mn versus conversion plots were relatively linear up to fairly high conversion
~ 0.6 with relatively narrow molecular weight distributions (Đ = 1.3–1.4). At fDBI,0 > 0.2, Mn versus
conversion plots flattened with increasing conversion and Mn was much lower than theoretical
predictions, indicating the high tendency of itaconate monomers to generate intramolecular chain
transfer side reactions and the increased probability for formation of stable adducts. A change in
reaction temperature to 70 ◦C indicated a slight improvement in terms of control (narrowed molecular
weight distributions and Mn versus conversion remained linear up to higher conversions). This however
was accompanied by excessively long polymerization times of around three days. DSC was used to
measure the Tg of the copolymers. As expected, Tg decreased as composition of DBI in the copolymer
increased, leading the material to become less rigid than the PS homopolymer.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/7/5/254/s1,
Tables S1, S2 and S3 indicating individual monomer conversions and molecular weight data are listed.
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Abstract: The disposal of end-of-life printed circuit boards (PCBs) comprising cross-linked
brominated epoxy resins, glass fiber, and metals has attracted considerable attention from the
environmental aspect. In this study, valuable resources, especially organic material, were recovered
by the effective chemical recycling of PCBs. Pulverized PCB was depolymerized by glycolysis
using polyethylene glycol (PEG 200) with a molecular weight of 200 g/mol under basic conditions.
The cross-linked epoxy resins were effectively decomposed into a low-molecular species by glycolysis
with PEG 200, followed by the effective separation of the metals and glass fibers from organic
materials. The organic material was modified into recycled polyol with an appropriate viscosity and
a hydroxyl value for rigid polyurethane foams (RPUFs) by the Mannich reaction and the addition
polymerization of propylene oxide. RPUFs prepared using the recycled polyol exhibited superior
thermal and mechanical properties as well as thermal insulation properties compared to conventional
RPUFs, indicating that the recycled polyol obtained from the used PCBs can be valuable as RPUF
raw materials for heat insulation.

Keywords: chemical recycling; glycolysis; used printed circuit board; recycled polyol; rigid
polyurethane foam

1. Introduction

The development of various electronic and electrical equipment continuously generates a large
amount of electronic and electrical equipment wastes [1–6]. Printed circuit boards (PCBs) constitute
one of the essential components in electronic and electrical products. PCBs contain cross-linked
brominated epoxy resins, metals, and glass fibers, which are difficult to decompose and reuse due
to the inherent insolubility of the epoxy resins comprising a cross-linked network structure [1,7–11].
Thus, the appropriate disposal of used PCBs (UPCBs) has become an ongoing important issue from
the environmental aspect [2,3,12].

UPCBs can be disposed by various methods, including landfills, incineration, pyrolysis,
and chemical recycling [5]. Landfills and incineration can cause several environmental problems
due to the presence of heavy metals and hazardous components in UPCBs [7]. On the other hand,
thermal and chemical recycling is efficient for disposing UPCBs because of the separation and recovery
of valuable materials from UPCBs. Several studies have reported the recovery of valuable resources
from UPCBs by various methods [3,4,7,13–16]. Veti et al. reported the recycling of UPCBs to recover
valuable metals [16] and found that lead (Pb), tin (Sn), and copper (Cu) are efficiently recovered by
magnetic and electrostatic separation, followed by additional recovery via the electrowinning process.
Zhu et al. reported a new technology for the recovery of valuable materials from UPCBs [13] by using
1-ethyl-3-methylimidazolium tetrafluoroborate [EMIM+] [BF4

−] at 260 ◦C and found that solders, Cu,
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glass fibers, and brominated epoxy resins are completely separated from UPCBs. Quan et al. examined
the pyrolysis of UPCBs and successfully obtained the separated pyrolysis products comprising metals,
glass fibers, and pyrolysis oil from UPCBs [3]. The pyrolysis oil derived from brominated epoxy resins
contains a high concentration of phenol and phenol derivatives. Thus, pyrolysis oil is reused as a
phenolic derivative to prepare a new phenol–formaldehyde resin. In addition, the authors expected
that the glass fibers obtained from the pyrolysis residue can be applied as reinforcement filler for sheet
molding compound and bulk molding compound.

The pyrolysis of UPCBs is one of the efficient recycling methods for the rapid recovery of valuable
metals and glass fibers [1,3,9,14,15,17]. However, pyrolysis generally requires high temperature
(>300 ◦C) and generates toxic organic materials [2–4,7]. In particular, hazardous gases including
bromine compounds are released [10,18,19]. Nevertheless, owing to its high efficiency and short
residence time, pyrolysis has been frequently employed for the recycling of UPCB to obtain
valuable materials [18,20]. Chemical recycling, including glycolysis, aminolysis, and alcoholysis,
demonstrates promise for the depolymerization of thermoplastic and thermosetting resins [11,21–25].
Typically, the chemical recycling of polymers involves the chain scission into small molecules by
using hydroxyl or amine groups of solvolytic agents via transesterification [24]. Therefore, UPCBs
mostly comprising brominated epoxy resins as the organic material are depolymerized, and the
metallic and inorganic materials (i.e., metals and glass fiber) can be separated from the organic
material (mostly brominated epoxy resin) during the process. Besides, organic products comprising
hydroxyl-terminated groups and abundant aromatic rings can be converted to cost-effective raw
chemicals to prepare a new polymer, especially polyurethane, and inorganics can be reused as
reinforcements or fillers [12,13,21,26,27]. However, there are few reports on the utilization of the
organic product from UPCBs for polyurethanes [21,28,29].

In this study, valuable resources, especially organic material were recovered from UPCBs via
glycolysis. The pulverized UPCBs were depolymerized using polyethylene glycol (PEG) with a
molecular weight of 200 g/mol under basic conditions. To optimize the depolymerization of UPCBs,
the UPCB to PEG 200 ratio, reaction temperature, and reaction time were varied. Nonmetallic
components such as organic material (depolymerization product) and glass fibers were collected
and characterized. The organic product recovered after glycolysis contains phenolic and aliphatic
hydroxyl end groups; thus, it can be used as a polyol to prepare rigid polyurethane foams (RPUFs).
However, a solid organic product was obtained, and the hydroxyl value was not appropriate to prepare
RPUFs. Thus, the organic product is liquefied and modified into recycled polyol for RPUFs via the
Mannich reaction and the addition polymerization of propylene oxide. The recycled polyol obtained
after the modification of the organic product was incorporated for manufacturing RPUFs, replacing
60 wt% of conventional polypropylene glycol (PPG) for RPUF. Besides, the RPUFs prepared using the
recycled polyol exhibited improved thermal and mechanical properties compared to conventional
RPUF. A flow chart for the chemical recycling of PCBs is given in Figure 1. To the best of our knowledge,
this is the first report on the utilization of the organic product from UPCBs to prepare a recycled polyol
for rigid polyurethane foams.
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Figure 1. Flow chart for chemical recycling of pulverized printed circuit boards (PCBs).

2. Materials and Methods

2.1. Materials

UPCBs were collected from end-of-life computers and pulverized to remove metallic components
by the density difference. PEG with a molecular weight of 200 g/mol (PEG 200) was purchased from
Aldrich (Yong-In, Korea). Sodium hydroxide (NaOH) and potassium hydroxide (KOH), as well as
a 0.5 M hydrochloric acid solution, were purchased from Daejung Chemicals & Metals (Si-Heung,
Korea). Diethanolamine (Aldrich), a 37% formaldehyde solution (Aldrich), and propylene oxide (PO)
(SKC chemicals, Ul-San, Korea) were used to modify the pre-polyol. A conventional PPG based on
sugar/glycerin with a hydroxyl number of 450 mg KOH/g (JOP-0585) was supplied by Jungwoo Fine
Chem Co., Ltd. (Ik-San, Korea). Polymeric 4,4′-diphenylmethane diisocyanate (pMDI, Cosmate M200)
was purchased from Kumho Mitsui Chemicals (Yeo-Su, Korea). Dimethylcyclohexylamine (Polycat® 8,
PC-8) from Air Products and Chemicals (Allentown, PA, USA) was used as amine catalysts. A silicone
surfactant (B-8462) and tris(1-chloro-2-propyl) phosphate (TCPP) were purchased from Evonik (Essen,
Germany) and Aldrich, respectively. As blowing agents, SOLKANE® 365/227 from Solvay (Brussels,
Belgium) and distilled water were used. JOP-0585 was dried at 80 ◦C for 24 h under vacuum prior to
use. All chemicals were used as received.

2.2. Glycolysis of Pulverized UPCB

The glycolysis of pulverized PCBs after the removal of metallic components was carried out
under basic conditions. NaOH was dissolved in PEG 200 (NaOH:PEG 200 = 1:11 by mole) at 80 ◦C in a
four-neck round-bottom flask, equipped with a reflux condenser and mechanical stirrer, under nitrogen,
followed by the addition of a determined amount of PCB powder. The reaction temperature was
allowed to increase to 180 ◦C. After 3 h, the system was cooled to room temperature, and distilled
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water was added to the mixture to decrease its viscosity. The inorganic residue, mostly glass fibers,
was separated from the aqueous solution by centrifugation. The washing of the residue by water and
separation were repeated several times until the pH of the aqueous solution reached 7. The aqueous
solution containing the glycolysis product and residual PEG 200 was neutralized by the addition
of 0.5 M HCl, followed by the precipitation of the glycolysis product from the aqueous phase.
The precipitates were collected, washed with water, and dried in a convection oven at 100 ◦C to remove
water. After complete drying, a solid glycolysis product was obtained (referred to as pre-polyol).
To optimize the efficiency of depolymerization: (i) the PCB to PEG 200 mass ratio was changed by 1/6,
1/7, and 1/9; (ii) glycolysis temperature was varied to 160, 180, and 200 ◦C; and (iii) glycolysis time
was varied by 1, 2, 3, 4, and 5 h. The yield of the glycolysis product obtained from each experiment
was estimated by thermogravimetric analysis.

2.3. Preparation of the Recycled Polyol

The solid pre-polyol was liquefied by the Mannich reaction and addition polymerization of
PO, affording recycled polyol for RPUFs. The pre-polyol was obtained by glycolysis at 180 ◦C
for 3 h, with a hydroxyl value of 226.9 mg KOH/g (Table 1). Briefly, the Mannich reaction and
alkoxylation of pre-polyol were carried out as follows. A predetermined amount of pre-polyol
(1.0 mol), diethanolamine (2.2 mol), and water were added to a round-bottom reactor equipped
with a mechanical stirrer, thermometer, and nitrogen inlet. The reaction temperature was increased
to 90 ◦C, and a formaldehyde solution (2.2 mol) was slowly added into the flask for the Mannich
reaction. After 3 h at 120 ◦C, dehydration was carried out under reduced pressure until the water
content decreased to less than 0.1%. Subsequently, the obtained Mannich adduct was modified by
addition polymerization with PO, affording recycled polyol with a suitable hydroxyl value for RPUFs
in autoclave. A dark brown liquid as the final product, recycled polyol, was collected and dehydrated
at 80 ◦C under reduced pressure. The hydroxyl value of the product was measured by titration
following ASTM D 4704. Table 1 summarizes the characteristics of conventional PPG (JOP-0585),
pre-polyol, and recycled polyol. Fourier-transform infrared spectrum (FTIR) presented the following
(Figure S1, cm−1): 3376 (−OH), 2966 (sp3 C−H), 2932 (sp3 C−H), 2874 (sp3 C−H), 1658 (Aromatic
ring), 1509 (Aromatic ring), 1458, 1374, 1302, 1119, 1080, 934, 876, 840, and 584.

Table 1. Characteristics of JOP-0585, pre-polyol, and recycled polyol.

JOP-0585 Pre-Polyol Recycled Polyol

Viscosity (Pa·s) 5.0 - 2.7
Hydroxyl value (mg KOH/g) 450.0 226.9 460.0

Acid value (mg KOH/g) >0.1 >1.0 1.2
Color Light yellow Dark brown Dark brown

Br% 0 15.0 ± 1.0 a

14.12 ± 1.04 b 1.80 ± 0.13 b

a Br% of pre-polyol was determined by EDS analysis. b Br% was determined by relative ratio of peak area% from
pyrolysis gas chromatography–mass spectroscopy–electron capture detection (Py–GC/MS/ECD).

2.4. Preparation of RPUFs

RPUFs with different contents of recycled polyol were prepared in two steps. First, predetermined
amounts of the surfactant, catalyst, phosphate, and blowing agents were added to the polyol and
homogeneously mixed under mechanical stirring. Second, a precalculated amount of pMDI was added
to the polyol mixture and vigorously mixed under mechanical stirring at 6000 rpm for 7 s. The mixture
was rapidly poured into a steel mold (300 mm × 300 mm × 50 mm) with a lid. After curing at 60 ◦C
for 20 min, the RPUFs were demolded and stored for at least 24 h at room temperature before the
characterization. The NCO index was maintained at a constant value, 120. The recycled polyol contents
with respect to the total polyol weight were increased from 0% to 60%. For comparison, the RPUF
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prepared using only conventional PPG was designated as CON. Table 2 summarizes the formulations
of the RPUFs with different contents of the recycled polyol.

Table 2. Sample code and formulation for rigid polyurethane foams (RPUFs).

Sample Code
CON P20 P40 P60

(Composition by wt%)

Polyol part
JOP-0585 100.0 80.0 60.0 40.0

Recycled polyol - 20.0 40.0 60.0
B-8462 2.0 2.0 2.0 2.0
PC-8 3.0 3.0 2.0 1.5
TCPP 15.0 15.0 15.0 15.0
Water 1.5 1.5 1.5 1.5

365/227 35.0 35.0 35.0 35.0
Isocyanate part

NCO Index 120 120 120 120

2.5. Characterization

The chemical structures of the pre-polyol and the recycled polyol were examined by 1H and
13C NMR spectroscopy (600 MHz, JNM-ECA600, JEOL Ltd., Tokyo, Japan) in DMSO-d6 at room
temperature. Fourier transform infrared (FTIR) spectra (FTIR 2000, JASCO, Easton, MD, USA) were
recorded in the wavenumber range from 4000 to 500 cm–1 at a resolution of 4 cm–1. Scanning electron
microscopy (SEM) images (JSM 6400, JEOL Ltd., Akishima, Tokyo, Japan) were recorded to examine the
morphology of the glass fiber after depolymerization at an accelerating voltage of 20 kV. The content of
bromine in the pre-polyol and recycled polyol was determined by energy-dispersive spectroscopy (EDS)
(JSM-6400, JEOL Ltd., Akishima, Tokyo, Japan), pyrolysis gas chromatography–mass spectroscopy
(Py–GC/MS) (QP2010 plus, Shimadzu, Kyoto, Japan), and gas chromatography–electron capture
detection (GC/ECD) (6890N, Agilent Technologies, Santa Clara, CA, USA). EDS analysis was carried
out with gold-coated pre-polyol powder at an accelerating voltage of 20 kV. Py–GC/MS with medium
polar column (DB–624, 30 m × 0.251 mm × 1.40 mm, Agilent Technologies) was employed for the
identification of the overall compounds in the pre-polyol and the recycled polyol. The pyrolysis
temperature was 670 ◦C and the oven was held at 40 ◦C for 3 min, and then ramped to 260 ◦C at
10 ◦C/min. The brominated phenolic compounds thereof were identified by GC/ECD with medium
polar column (DB–624, 30 m × 0.251 mm × 1.40 mm, Agilent Technologies). The analysis conditions
of GC/ECD were identical to GC. The content of metals in recycled polyol such as Al, Ni, Cu, Cd,
and Pb was determined by inductively coupled plasma–mass spectrometry (ICP/MS).

To characterize the reactivity of RPUFs, the characteristic times, including the cream time, gel time,
and tack-free time, were estimated. The compressive strength of the RPUFs was estimated by using a
universal testing machine according to ASTM D 1621. Cubic samples with a size of 40 mm × 40 mm
× 40 mm were prepared, and the blowing direction and direction perpendicular to blowing were
evaluated. The compressive strength of five specimens per sample was estimated, and the average
values were calculated. To eliminate the effect of density, the measured compressive strengths were
normalized for the blowing direction and direction perpendicular to blowing as follows (Equation (1)):

σn = σ(40/ρ)2 [{1 +
√

(40/ρs)}/{1 +
√

(ρ/ρs)}]2 (1)

where σn represents the normalized compressive strength; σ represents the measured compressive
strength; ρ represents the density of RPUF (kg/m3); and ρs represents the density of the solid
polyurethane matrix, which is given as 1200 kg/m3 [30].

Thermal conductivities of the RPUFs were evaluated using a heat flow meter (HFM 436 Lambda,
Netzsch, Selb, Germany) with two plane plates maintained at different temperatures (ASTM C 518).
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Thermal conductivities of three specimens per sample were estimated, and the average values were
obtained. The closed-cell content of the RPUFs with dimensions of 25 mm × 25 mm × 25 mm was
estimated on an ULTRAPYC 1200e (Quantachrome, Boynton Beach, FL, USA) pycnometer according
to ASTM D 6226. The closed-cell contents of five specimens per sample were estimated and averaged.
The cell morphology of the RPUFs was examined by SEM (JSM-6400, JEOL Ltd., Akishima, Tokyo,
Japan) at an accelerating voltage of 20 kV. The samples were coated with gold to avoid the charging
of the electrons. Thermogravimetric analysis (TGA) was carried out on a Q50 system from TA
Instruments (New Castle, DE, USA). Approximately 10 mg of sample placed on a platinum pan was
heated from ambient temperature to 800 ◦C at a heating rate of 20 ◦C/min under nitrogen atmosphere.
TGA measurements were carried out three times per sample and representative data were used for
analysis. Dynamic mechanical property measurements of the RPUFs were carried out on a dynamic
mechanical analyzer (DMA, Q800, New Castle, DE, USA) from TA Instruments in the tension mode
from 30 ◦C to 250 ◦C at a heating rate of 3 ◦C/min (a frequency of 1 Hz and an amplitude of 15%).

3. Results and Discussion

3.1. Glycolysis of UPCBs

PEG is not only the solvent but also the co-catalyst for the glycolysis of pulverized PCBs.
A sufficient amount of PEG is required to disperse PCB powders and combine with sodium hydroxide
to promote glycolysis. To identify the effect of the PCB content on the efficiency of glycolysis, the PCB
to PEG mass ratio was varied from 1:6 to 1:9 (Table 3). Figure 2 shows the effect of the PEG content on
the weight loss of the glass fiber under the same glycolysis conditions (at 180 ◦C after 3 h). With the
decrease of PEG content in the decomposition of PCB from 86.1 wt% to 84.4 wt%, the weight loss of
glass fiber at 800 ◦C increased from 4% to 6%, respectively, and the yield increased from 89.74% to
92.47% (Table 3). However, with the increase in the PCB content from 86.1 wt% to 88.5 wt%, the weight
loss of the glass fiber after glycolysis was almost the same.

Table 3. Composition and yield of the decomposition of used PCBs (UPCB) with polyethylene
glycol (PEG).

Codes

Before Decomposition After Decomposition
Yield

PCB PEG NaOH Glass Fiber Decomposed Product Recycled PEG

g wt% g wt% g wt% g wt% g wt% g wt% %

1:6 20.01 14.08 120.01 84.42 2.14 1.51 13.79 9.91 6.21 4.46 119.19 85.63 89.74
1:7 20.04 12.33 140.03 86.14 2.49 1.53 13.61 8.54 6.43 4.04 139.26 87.42 92.08
1:9 25.12 9.91 224.31 88.50 4.02 1.58 16.98 6.84 8.13 3.28 223.05 89.88 92.47

 

Figure 2. Thermogravimetric analysis (TGA) curves of PCB and the glycolysis products at different
ratios of PCB to polyethylene glycol (PEG 200).
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Figure 3 shows the effect of temperature on the glycolysis of pulverized PCBs. The weight loss
values for the glass fiber at 800 ◦C after glycolysis at 180 ◦C and 200 ◦C for a reaction time of 3 h were
almost the same (~4.50%, Figure 3a). However, with the decrease in the glycolysis temperature to
160 ◦C, the weight loss at 800 ◦C considerably increased (29.28%). Based on the weight loss at 800 ◦C,
the glycolysis yield was estimated. Figure 3b shows the effect of the glycolysis temperature on the
glycolysis yield. With the increase in the glycolysis temperature from 160 ◦C to 180 ◦C, the glycolysis
yield sharply increased. Moreover, similar glycolysis yields were observed at 180 ◦C and 200 ◦C.
Hence, the optimal reaction temperature was determined to be 180 ◦C. The effect of temperature can
be explained in terms of thermodynamics. At low temperature, the thermal energy is not sufficient for
breaking chemical bonds, thereby affording a low yield.

 

Figure 3. TGA analyses of PCB and glass fibers after the reaction at difference reaction temperatures (a)
and the glycolysis yield for difference reaction temperature (b).

Figure 4 shows the effect of the glycolysis time on the efficiency of glycolysis at 180 ◦C. The weight
loss was clearly ~5% after 2 h at 180 ◦C (Figure 4a). After 3 h, the weight loss did not decrease further
because the decomposition reaction reached equilibrium. Figure 4b shows the effect of the reaction time
on the glycolysis yield. The glycolysis yield sharply increased with the reaction time until 2 h at 180 ◦C,
following which the yield did not significantly vary with the further increase in the reaction time.

 

Figure 4. TGA analyses of PCB and glass fiber after the reaction for difference reaction time (a) and the
glycolysis yield for difference reaction time (b).

SEM images also revealed the effects of the reaction time on the glycolysis efficiency (Figure 5).
After the decomposition for 1 h, the glass fibers retained a considerable amount of polymer on their
surfaces, and the glass fibers were still stuck. After 2 h, the glass fibers were separated, but few polymer
particles were still retained on the glass fiber surface. Hence, the brominated epoxy resin was not
completely decomposed, and a 100% yield was not achieved. After 3 h of glycolysis, the surface of the
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glass fibers appeared smooth and clean. Therefore, it was concluded that the optimum reaction time
for glycolysis is 3 h. The glass fibers obtained after the glycolysis can be used as reinforcing fillers for
polymer composites as many previous researchers reported on the reutilization of glass fibers recycled
from PCBs [21,27,31,32]. Zheng et al. studied the reutilization of nonmetals recycled from UPCBs
as reinforcing fillers in polypropylene composites [27]. They demonstrated that the incorporation
of nonmetals recycled from PCBs significantly improved the tensile and flexural properties of the
polypropylene composites. Sun et al. investigated sound absorption performance of glass fibers
recycled from UPCBs [32]. They found that the recycled glass fibers showed excellent absorption
ability in broad-band frequency range, implying the promising candidates for sound absorption
materials. In this study, we concentrated on the utilization of organic products from UPCB.

 

Figure 5. Scanning electron microscopy (SEM) images of the PCB powder and glass fiber after the
reaction for 1 h, 2 h, and 3 h.

PCBs are comprised of reinforcing glass fibers, metals, and epoxy resins containing brominated
flame retardants. Bisphenol A and diglycidyl ether of bisphenol A epoxy resin cured using an
anhydride hardener has been widely used for manufacture of PCBs. To limit the possible hazards
associated with scarce fire resistance and the inherent flammability of these materials, flame retardants
are typically added in their formulation. Typical flame retardants include tetrabromobisphenol A,
which is substituted for bisphenol A in the epoxy resin. After the reaction, the epoxy resin was
decomposed and converted to monomers in the final product. Figure 6 shows the FTIR spectrum of the
final glycolysis product: A broad peak corresponding to the O–H stretching vibrations was observed at
3296 cm−1. Sharp absorption peaks were observed between 2871 and 2965 cm−1, which were assigned
to C–H stretching vibrations. A peak observed at 1705 cm−1 corresponds to the stretching vibrations
of C=O in the ester bonds of the curing agent. Absorption peaks between 1475 and 1609 cm−1 were
attributed to the stretching vibration of the aromatic rings. Peaks were observed at 1246 cm−1 and
1101 cm−1 corresponding to C–O and O–C stretching vibrations, respectively. The peak observed at
832 cm−1 corresponds to H–Carom bending vibrations.
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Figure 6. Fourier-transform infrared spectrum (FTIR) of the glycolysis product (pre-polyol).

In addition, the 1H NMR and 13C NMR spectra were recorded to examine the chemical structures
of the final product as shown in Figure 7. In the 1H NMR (Figure 7a), peaks observed between 6.6 and
7.3 ppm correspond to the aromatic ring protons. The signals ranging from 3.3 to 4 ppm correspond
to the aliphatic chain protons. The peak at 1.6 ppm is derived from the methyl group proton of the
bis-phenol A. Figure 7b shows the 13C NMR of the final product. Peaks observed between 112 and
155 ppm correspond to the aromatic ring carbons. Peaks observed at 60–72 ppm are associated with
the aliphatic carbons of bisphenol A diglycidyl ether. Peaks observed at 30 ppm and 43 ppm are
identical to the methyl group and methane carbons, respectively, verifying the presence of bisphenol A
diglycidyl ether and tetrabromobisphenol A, while the curing agent structures in the final product are
hardly identified.

 
Figure 7. 1H NMR (a); and 13C NMR (b) spectra of the glycolyses product (pre-polyol) in DMSO-d6.

A model of the epoxy resin based on bisphenol A diglycidyl ether and tetrahydrophthalic
anhydride was successfully decomposed using a PEG 200/NaOH system. Scheme 1 shows the
plausible reaction mechanism for glycolysis. The ester bonds of the cured epoxy resin are broken by
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hydrolysis, affording an organic sodium salt. The organic salt structure includes bisphenol A diglycidyl
ether, tetrabromobisphenol A, and the curing agent, which is soluble in a mixture of PEG and water.
After the addition of HCl, the sodium cations in organic salts are replaced by protons, and the organic
salts are converted to polyol ethers, which are not soluble in water because of their high molecular
weight and branched structure; hence, the polyol ethers precipitate to form a solid phase.

Scheme 1. Plausible reaction mechanism for the glycolysis.

PEG collected after the first recycling step by using virgin PEG 200 was continuously used for
the decomposition of PCBs under the optimal reaction conditions of a PCB to PEG mass ratio of
1:7, a reaction temperature of 180 ◦C, and a reaction time of 3 h. Recycled PEG was purified by
the removal of the sodium chloride formed during the reaction between the sodium organic salt
and HCl. The addition of tetrahydrofuran (THF) led to the removal of sodium chloride from PEG.
During the addition of THF, sodium chloride precipitated to a mixture of recycled PEG due to the
different solubilities of PEG and sodium chloride in THF. The precipitates were separated using a
filter, and the filtrate contained PEG and THF, followed by the extraction of the recycled PEG using a
rotary evaporator based on the different boiling points of PEG and THF. This process was repeated
until sodium chloride was completely removed. Finally, PEG was further dried overnight in a vacuum
oven at 60 ◦C to completely remove THF. In addition, PEG after the second and third recycling steps
was collected by the above process after reusing the PEG obtained from the first and second recycling
steps, respectively. Figure 8a shows the TGA curves of the glass fiber collected after the reaction with
virgin PEG 200, as well as the first, second, and third recycled PEG. The weight loss of the glass fiber
after glycolysis of PCBs with the PEG recycled from the first step slightly decreased in comparison
to virgin PEG 200, while those of the glass fiber after the glycolysis of PCBs with the second and
third recycle PEG were considerably reduced. The increased weight loss implied the reduction of the
glycolysis yield (Figure 8b). With increasing number of cycles for recycling PEG, the glycolysis yield
decreased because of the degradation of PEG 200 and formation of a lower-molecular-weight PEG
during glycolysis. Lower- or higher-molecular-weight PEG compared to PEG 200 did not coordinate
with sodium ions to form a catalyst for glycolysis.
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Figure 8. TGA curves of the glass fiber after the decomposition with virgin PEG 200 and recycled PEG
(a) and the glycolysis yield of the recycled PEG (b).

3.2. Characteristics of RPUFs Prepared from the Recycled Polyol Based on the Glycolysis Product of UPCBs

The glycolysis product and recycled polyol were composed of phenol and phenolic derivatives,
and brominated compounds as confirmed by Py−GC/MS (Figures S2 and S3). The representative
chemical structures detected in Py−GC/MS are summarized in Tables S1–S3. As shown in Tables S1
and S2, the glycolysis product showed similar chemical structure to conventional brominated epoxy
resin. It demonstrates that the organic parts of UPCBs are comprised of diglycidyl ether of bisphenol
A containing brominated bisphenol A as flame retardant. The representative brominated compounds
in glycolysis products and recycled polyol identified from Py−GC/MS/ECD are summarized in
Tables S5 and S6. The bromine content determined by EDS and GC/ECD was estimated as the relative
ratio by examining the conventional brominated epoxy resin with already known bromine content.
Table 1 summarizes the bromine content of the pre-polyol and recycled polyol. The bromine content
of pre-polyol determined by EDS and GC/ECD was similar, i.e., 15.0% and 14.2%, respectively.
The recycled polyol was a viscous liquid; thus, the bromine content was only measured by GC/ECD.
The bromine content of the recycled polyol was 1.8%, indicating a considerably lower value compared
to pre-polyol, probably related to the detachment of the bromine atoms from the benzene ring during
the chemical modification. Furthermore, the increased molecular weight after the modification of
pre-polyol led to the dilution of the bromine atom concentration of the overall molecules. Thus,
the brominated phenolic derivatives were hardly detected in Py−GC/MS/ECD spectrum of recycled
polyol (Table S2). Table 4 summarizes the content of metals in recycled polyol as determined by
ICP/MS. The content of the representative elements, such as Al, Ni, Cu, Cd, and Pb, were evaluated.
As Al and Cu were the major components of PCB; their concentrations were greater than those
of various metal elements. On the other hand, concentrations of heavy metals, such as Ni, Cd,
and Pb, were almost not detected (~0). Notably, the recycled polyol obtained after chemical recycling
and modification can replace the petrochemical polyols for manufacturing new RPUFs without
environmental hazards. Furthermore, the recycled polyol containing abundant phenol derivatives is
thought to contribute to the enhanced physical properties of the resulting foams.

Table 4. Content of metals in the recycled polyol.

Element Concentration (%)

Al 0.0266
Ni 0.0000
Cu 0.0066
Cd 0.0000
Pb 0.0010
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Table 5 summarizes the reactivities of recycled polyol during foaming. All of the characteristic
times (i.e., cream time, gel time, and tack-free time) were more rapid with the increase in the recycled
polyol content despite the low content of the amine catalyst (PC-8). The accelerated reactivities
were related to the catalytic effect of the tertiary amine in the recycled polyol formed during the
Mannich reaction.

Table 5. Characteristic times and density of RPUFs.

Sample CON P20 P40 P60

Cream time (s) 19 15 14 13
Gel time (s) 108 70 55 48

Tack-free time (s) 170 120 95 85
Density (kg/m3) 44.1 44.0 44.7 45.0

Figure 9 shows the cross-sectional SEM images of RPUFs with different contents of recycled
polyol. All RPUFs exhibited a polyhedral and uniform closed-cell morphology without shrinkage
or collapse even at a high recycled polyol content (60 wt%). With the increase in the recycled polyol
content, the average cell size clearly decreased considerably. The rapid reactivity of the recycled polyol
should restrict the expansion and coalescence of bubbles during foaming, leading to a smaller cell
size of the resulting foams. Recycled polyol is the PO adduct with an abundant benzene ring; hence,
it may exhibit a high affinity toward the raw materials for RPUFs, especially pMDI. High compatibility
among the components contributed to the formation of a finer, homogenous cell structure.

 

Figure 9. SEM micrographs of the RPUFs prepared from recycled polyol.

In addition, the closed-cell content of RPUF is one of the important parameters for thermal
insulating materials [33,34]. The thermal conductivities of carbon dioxide (0.0150 W/m◦C) and
HFA-365/227 (0.0107 W/m◦C) are considerably less than that of air (0.0240 W/m◦C). Thus, blowing
gas entrapped in a closed cell cannot escape from the cell, maintaining a low thermal conductivity.
Figure 10 shows the closed-cell content of RPUFs prepared with different contents of recycled polyol.
The closed-cell content increased to the maximum of 93.2% for P40 from 89.1% for CON. Although
the closed-cell content for RPUF containing 60 wt% of the recycled polyol was slightly decreased,
those of all of the RPUFs prepared using recycled polyol were greater than that of CON, revealing that
the incorporation of recycled polyol for preparing RPUFs does not cause issues in the cell structure,
including opening and breaking.
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Figure 10. Closed-cell content of the RPUFs prepared from recycled polyol.

Figure 11 shows the thermal conductivities of RPUFs with different contents of recycled polyol.
Typically, the thermal conductivity of RPUFs is strongly affected by the cell size, closed-cell content,
thermal conductivity of the blowing gas entrapped in the cells, and density [30,35–37]. In this study,
RPUFs prepared using recycled polyol exhibited a smaller cell size and higher closed-cell content
compared to CON. From these contributions, the thermal conductivity of recycled-polyol-based
RPUF is less than that of CON. In particular, P40 exhibited the minimum thermal conductivity of
0.0184 kcal/mh◦C, which was in good agreement with the highest closed-cell content.

 
Figure 11. Thermal conductivity (K-factor) of RPUFs with different contents of recycled polyol.

Figure 12 shows the normalized compressive strength in the direction of blowing (B) and in the
direction perpendicular to blowing (P) at a 10% strain of RPUFs with different contents of recycled
polyol. Recycled-polyol-based RPUFs exhibited superior compressive strength in both the measured
directions compared to CON due to the smaller cell size [38]. Besides, a significant amount of the
aromatic ring in the recycled polyol would render additional strength to the cell, leading to the
improved compressive strength of RPUFs. The maximum compressive strengths were observed in
both directions for the RPUF containing 40 wt% of the recycled polyol. The compressive strengths
of P40 in the direction of blowing and in the direction perpendicular to blowing were improved by
62% and 18%, respectively, compared to CON. However, with the further increase in the recycled
polyol content of up to 60 wt%, the compressive strength decreases, possibly related to the presence of
slight defects in the cell structure; this decreased strength was already confirmed by the decrease in
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the closed-cell content of P60. However, its compressive strengths (B: 0.128 MPa and P: 0.169 MPa)
were comparable to CON (B: 0.112 MPa and P: 0.178 MPa).

 

Figure 12. Compressive strengths measured in the blowing direction (B) and direction perpendicular
to the blowing (P) of RPUFs with different contents of recycled polyol.

The thermal degradation behavior of RPUFs with different contents of recycled polyol was
evaluated by TGA under nitrogen. Thermogravimetry (TG) and derivative TG (DTG) thermograms of
RPUFs are shown in Figure 13. The TGA curve of CON exhibited a typical thermal degradation
behavior for RPUF. Three major thermal decomposition steps were observed. The first step
corresponded to the thermal degradation of the urethane unit at 190–220 ◦C; the second step
corresponded to the thermal degradation of polyol at 300–360 ◦C; and the third step observed at
480–520 ◦C corresponded to the thermal degradation of aromatic isocyanate and hydrocarbons [39–41].
On the other hand, recycled-polyol-based RPUFs exhibited additional thermal degradation at 429 ◦C,
corresponding to the degradation of recycled polyol. Thus, the weight loss at this temperature
increases with the recycled polyol content. Tmax3 corresponding to the thermal decomposition of
aromatic groups shifted to lower temperature, eventually overlapping possibly with the thermal
degradation of recycled polyol. Table 6 summarizes the maximum degradation temperature (Tmax) at
each degradation stage and residue% after the degradation of RPUFs. The thermal degradation of the
hard segment occurred at lower temperature with increasing content of recycled polyol. However,
in the major thermal degradation stage at which the most weight loss (Tmax2) occurred, the RPUF
with more recycled polyol was degraded at the higher temperature. In particular, the Tmax2 of the
polyol increased by 25 ◦C from 314.0 ◦C for CON to 339.2 ◦C for P60. In addition, RPUFs based on the
recycled polyol retained a high amount of residual char after heating in TGA. Clearly, the incorporation
of recycled polyol can enhance the thermal stability due to the presence of thermally stable bromine
atoms and the aromatic ring [42–46].
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Figure 13. Thermogravimetry (TG) (a); and derivative TG (DTG) (b) thermograms of RPUFs with
different content of recycled polyol under nitrogen atmosphere.

Table 6. Maximum degradation temperature (Tmax), percentage of residue after degradation in TGA,
and Tg of RPUFs with different contents of recycled polyol.

Sample Tmax1 (◦C) Tmax2 (◦C) Tmax3 (◦C) Residue (%) Tg (◦C)

CON 216.8 314.0 496.6 10.1 134.6
P20 211.7 324.5 494.6 17.6 149.4
P40 200.2 338.1 488.2 18.0 165.9
P60 195.0 339.2 - 19.1 167.6

Figure 14 shows the results obtained by DMA (i.e., storage modulus (G′), loss modulus (G′ ′),
and tan delta) of RPUFs with different contents of the recycled polyol. Table 6 summarizes the glass
transition temperature (Tg), which is determined by the maximum point of the loss modulus and Tg

values. The G′ (rubbery region) and Tg values of RPUFs increased with the recycled polyol content
due to the high amount of the aromatic ring in the recycled polyol. At a temperature greater than
Tg at which the molecular chain was softened to move, the presence of a rigid aromatic ring in the
polymer network restricted the movement of the molecular chain, leading to increased G′ and Tg.
With the increase in the recycled polyol content, the tan delta curves broadened, and the maximum
point was hardly observed for the RPUFs containing greater than 40 wt% of the recycled polyol content
(Figure 14c). Typically, the width of a tan delta curve is closely related to the phase separation between
the soft and hard segments in a polyurethane network. The broadening of the tan delta curve revealed
glass transition of the crosslinked polyurethanes [47–49]. As mentioned above, the recycled polyol
used in this study is an aromatic ring-rich PO adducts; thus, it exhibits good compatibility with pMDI.
It would induce the phase mixing of soft and hard segments in the polyurethane network, leading to
an increase of loss modulus peak or tan delta peak temperatures for RPUF loaded with a high content
of recycled polyol.
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Figure 14. Dynamic mechanical analyzer (DMA) results of RPUFs with different content of recycled
polyol as a function of temperature: storage modulus (G′) (a); loss modulus (G”) (b); and Tan delta (c).

4. Conclusions

In this study, pulverized UPCBs were successfully depolymerized by glycolysis with PEG
200 under basic conditions, and organic materials and glass fibers were recovered. In addition,
the glycolysis conditions, including the PCB to PEG 200 mass ratio, reaction temperature, and reaction
time, were optimized. The glass fibers obtained after glycolysis exhibited a smooth surface and
short length without destruction, indicating that the glass fibers can be reused as reinforcements.
Furthermore, the bromine content of the glycolysis products was ~15% with a significant amount of
the aromatic groups, which was derived from the brominated epoxy resins of PCBs. Almost no heavy
metals were detected in the organic components. PEG 200 recovered after glycolysis was collected
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and reused again for the glycolysis of PCBs, and the glycolysis efficiency of recovered PEG 200 was
obtained by the weight loss of the organic materials remaining in the glass fiber after glycolysis.
The glycolysis yield slightly decreased with increasing the number of recycling PEG 200. The organic
product (pre-polyol) obtained after glycolysis was converted to a recycled polyol via Mannich reaction
and addition polymerization of PO to prepare RPUFs for thermal insulation. Besides, the recycled
polyol could replace 60 wt% of conventional PPG for RPUFs without difficulties and deterioration
of foam properties. The RPUFs based on recycled polyol exhibited superior compressive strength,
thermal insulation property, and thermal stability to the conventional RPUF. The superior performance
of RPUFs based on recycled polyol was attributed to the fine cell morphology as well as the presence
of aromatic rings in the recycled polyol. It is inferred that the recycled polyol obtained from glycolysis
and chemical modification of UPCBs can be promising feedstock for thermal insulating RPUFs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/7/1/22/s1,
Figure S1: FTIR spectrum of recycled polyol obtained by modification of glycolysis product of UPCBs, Figure S2:
Py–GC/MS of conventional brominated epoxy resin of tetrabromobisphenol A, Figure S3: Py–GC/MS of glycolysis
product obtained from chemical recycling of UPCBs, Figure S4: Py–GC/MS of recycled polyol obtained from
modification of glycolysis product, Table S1: Representative chemical structure of standard brominated epoxy resin
from Py–GC/MS, Table S2: Representative chemical structure of glycolysis product by from Py–GC/MS, Table
S3: Representative chemical structure of recycled polyol from Py–GC/MS, Table S4: Representative brominated
compounds in conventional brominated epoxy resin by using Py–GC/MS/ECD, Table S5: Representative
brominated compounds in glycolysis product by using Py–GC/MS/ECD, Table S6: Representative brominated
compounds in recycled polyol by using Py–GC/MS/ECD.
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Abstract: Anionic polyamide-6 (APA-6) composites are prepared by the VARIM process using different
modified ramie fabrics to study the structure and properties of different composites. This study can
not only evaluate the optimal modification method for the ramie fabrics, but also further explore
the interface interaction mechanism between ramie fabrics and APA-6. In this article, the ramie
fabrics are modified by a pretreatment, coupling agent and alkali modification. Different modification
methods have different effects on the structure, surface properties and mechanical properties of ramie
fabrics, which will further affect the impregnation process, interfacial and mechanical properties of
the composites. Through the performance analysis of different modified ramie fabrics reinforced
APA-6 composites, the conversion, crystallinity and molecular weight of these composites are at a
high level, which indicate that the polymerization of these composites is well controlled. The coupling
agent modified ramie fabrics composites and the pretreated ramie fabrics composites have higher
flexural modulus, tensile strength and dynamic mechanical properties. Alkali-modified ramie fabrics
composites have slightly lower mechanical properties, which however have the highest interlaminar
shear strength and outperformed interface properties of the composites.

Keywords: ramie fabric; anionic polyamide-6; modification; polymerization; properties

1. Introduction

Natural fibers exhibit many excellent properties and are low-density materials, which probably
lead to lightweight composites with a high specific strength and modulus. Natural fibers also offer
significant cost advantages and easy processing along with being a highly biodegradable resource,
as well as reducing the pollution to the environment [1–3]. Ramie fibers as one of the high-performance
natural fibers [4] were selected and used in this work for the purpose of reinforcement of the resin.

Fabric reinforced composites are increasingly used to manufacture the high-performance and
lightweight structures in the aerospace and automotive industry [5–7]. However, the wetting of fiber
fabrics is still challenging. Thermoplastic resins usually exhibit a high melt viscosity in the range of
100~10,000 Pa·s, which made them much more difficult to impregnate into fiber. According to the
previous report, the appropriate viscosity for fabric reinforced composites should normally be lower
than 1 Pa·s [8]. Meanwhile, the high melting temperature of the thermoplastic resins would also have an
adverse impact on natural fiber. In order to overcome these problems, a vacuum assisted resin infusion
molding (VARIM) [9] was adopted by using a reactive thermoplastic polymer, i.e., anionic polyamide-6
(APA-6) [10–13]. The anionic ring opening polymerization of caprolactam is polymerized into a high
molecular weight polyamide 6 (PA6) at 130~170 ◦C. The melted caprolactam monomer has a water-like
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viscosity, which facilitated it to impregnate into fiber. In addition, this method will provide more
opportunities to form a chemical bonding between the fiber and resin [5,14]. Fabric reinforced APA-6
composites processed through VARIM have been extensively investigated by many researchers. Van
Rijswijk et al. [5,6,14,15] studied the choice of activator and initiator, the influence of polymerization
temperature, the influence of the vacuum infusion process, and the interfacial bond formation in detail.
Pillay et al. [16,17] prepared the carbon fiber reinforced APA-6 composites. Yan et al. [18] reported the
mechanical properties and microstructure of continuous glass fiber reinforced APA-6 composites.

There is a layer between the fiber reinforcement and the resin matrix, i.e., the interface layer.
This layer plays a role of connecting the polymer matrix and the reinforcing fibers and determines
the performance of the composites [4,5,15,19]. The strong hydrogen bonding between the natural
fiber macromolecular chains makes them exhibit strong polarity and water absorption [20–22].
If it is compounded with a non-polar resin, the wettability and adhesion of the interface will be
extremely poor. The fiber will peel off over time, and then the performance of the composites will
be deteriorated. In order to obtain the best performance composites, it is very important to modify
the surface of the reinforcing fiber. A lot of research has been carried out on the modification of
natural fibers [23–29]. The physical modification methods include the steam explosion treatment,
heat treatment, alkali treatment, low temperature plasma treatment, laser and high energy radiation
treatment and the chemical modification methods include the surface coating, graft copolymerization
and interface coupling.

At present, there appears to be no research focusing on the modification of natural fibers for using
in the thermoplastic reaction processing. Therefore, in this work, four kinds of modification methods
were selected to modify the natural fiber. The structure and properties of the modified natural fiber
were studied. The optimum modification method of the ramie fiber suitable for VARIM process for the
preparation of APA-6 composites was evaluated by studying the properties of the composites.

2. Materials and Methods

2.1. Materials

Anionic polymerization grade caprolactam with a low moisture content (<400 ppm) supplied
by the BASF Chemical company was used. The sodium hydroxide (≥96% by mass, ‘NaOH’,
KeLong Chemical, Chengdu, China), caprolactam magnesium bromide (1.4 mol/kg concentration
in caprolactam, ‘C1’, Brüggemann Chemical, Heilbronn, Germany) were used as initiators.
The di-functional hexamethylene-1, 6-dicarbamoyl-caprolactam (2 mol/kg concentration in caprolactam,
‘C20’, Brüggemann Chemical, Heilbronn, Germany) was used as an activator. In this work, 1.2 mol %
initiators were used together with 1.2 mol % activators. The ramie fabrics (warp/weft yarn count:
21 s × 21 s, warp/weft density: 52 × 36) was supplied by Chuan-dong Ramie Fabrics Corporation,
Chongqing, China and the silane coupling agent KH550 was supplied by KeLong Chemical, Chengdu,
China. The sodium hydroxide, sodium dodecylbenzenesulfonate, sodium carbonate and deionized
water were supplied by KeLong Chemical, Chengdu, China.

2.2. Preparation of the Composites

2.2.1. Modification of the Ramie Fabric

Pretreatment: The surface of natural fiber contains many impurities, including the dust, residual
pectin, hemicellulose, lignin and sizing agent. The anionic polymerization will be affected by these
impurities. Therefore, the impurities need to be removed from the commercial natural fibers prior to use
in the preparation of the composites. First, the commercial ramie fabric was washed by water to remove
dust, which was recorded as NF-0. Then, the NF-0 was immersed in an aqueous solution containing
the sodium hydroxide, sodium dodecylbenzenesulfonate, sodium carbonate and deionized water
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according to a specific ratio, and the mixture was heated to 95 ◦C and stirred for 4 h. The pretreated
fiber was recorded as NF-1.

Coupling agent modification: First, the ethanol and water were formulated into a solvent with a
volume ratio of 1:3, and then the ammonia water was added dropwise to adjust the pH of the solvent.
Then, 5% KH550 was added into the solution, and the resulting mixture was ultrasonically dispersed
for 20 min and preheated in an oven at 80 ◦C. The pretreated fiber was then immersed in the preheated
solvent for 12 h. After the reaction, the fiber was taken out and washed thoroughly with ethanol,
and finally placed in an oven at 80 ◦C to dry to a constant weight. The treated fiber was recorded
as NF-KH550.

Alkali modification: First, a 10% aqueous solution of sodium hydroxide was prepared and then
the pretreated fiber was placed into it. The resulting mixture was given appropriate agitation, treated
at room temperature for 15 min, then regenerated with ethanol or isopropanol for 5 min. Finally,
the surface lye was thoroughly cleaned by water, placed on a drying plate, and dried in an oven
at 60 ◦C for more than 24 h. The ethanol-regenerated fiber was recorded as NF-alk-alc, and the
isopropanol-regenerated fiber was recorded as NF-alk-iso.

2.2.2. Preparation of Reactive Mixtures

The caprolactam was heated to 110 ◦C to melt. Then, after degassing the flask (15 min at 30 mbar),
the initiator was added and mixed using a static mixer. Subsequently, the activator was fed in and
mixed sufficiently after degassing the flask again (15 min at 30 mbar). Since APA-6 was sensitive to
moisture and easy to oxidize at this temperature, the storage and processing would be carried out
under a dry nitrogen environment.

2.2.3. VARIM

A balanced and symmetrical preform consisting of ten 200 × 200 mm layers of the textile fibers
was laid onto a 300 × 300 × 3 mm3 aluminum plate coated with a release agent (GS213-3, Airtech,
Huntington Beach, USA). Then a layer of peel ply and a piece of resin distribution medium (Resinflow
90HT, Airtech, Huntington Beach, USA) were placed above the fibers. Two thermocouples were
positioned at the surface of the top and the bottom layers of the preform to record and monitor the
temperature. The inlet and outlet assembled by the springs and aluminum tubes were placed at
corresponding positions. Then, the preform was bagged and sealed using a polyimide film and a heat
resistant sealant tape. After degassing, the mold was rotated by 90 degrees and inserted in two infrared
heating panels that were vertically placed. Then, the temperature was increased to 165 ◦C, and a
continuous degassing (20 min at 30 mbar) were conducted to remove the moisture sufficiently. Next,
the prepared reactive mixtures were infused into the preform via a heated (110 ◦C) silicon rubber tube.
Once the resin reached the end of the preform, the inlet was clamped off. A pressure control system
was used to set the infusion and curing pressure at 500 mbar precisely. After 60 min, the mold cooled
down until the temperature reached below 30 ◦C. After that, it was de-molded directly and a composite
with an average thickness of 2 mm was obtained. The diagram and specimen of ramie fabric reinforced
APA-6 composites by VARIM are shown in Figure 1.
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Figure 1. Diagram and specimen of ramie fabric reinforced anionic polyamide-6 (APA-6) composites
by VARIM.

2.3. Characterization Methods

2.3.1. Degree of Conversion

The samples taken near the center were ground into powder, weighed (mtot) and put into cellulose
thimbles. A Soxhlet extraction was conducted using a heated demineralized water for 12 h at 105 ◦C.
Then, the samples dried were in an oven at 60 ◦C for an additional 12 h, and weighed again (mpol).
The monomer caprolactam dissolves easily in water, and APA-6 is water immiscible. Additionally,
the fiber weight content (mf) of the composites was determined in a subsequent step by dissolving it
into formic acid. The degree of conversion (DOC) was then calculated using Equations (1) and (2):

DOC =
mpol

mtot
× 100% (1)

DOC′ =
mpol −m f

mtot −m f
× 100% (2)

where DOC is the degree of conversion for pure APA-6, and the DOC’ is for the composites.

2.3.2. Degree of Crystallinity

The degree of crystallinity (Xc) of APA-6 and its composites were measured by the differential
scanning calorimeter (DSC, TA Q20, New Castle, USA). The samples, approximately 5 mg,
were obtained near the center of the composites and dried overnight at 50 ◦C in a vacuum oven.
During testing, each sample was first held at 25 ◦C for 2 min before being heated up to 250 ◦C at
10 ◦C/min under N2. The Xc was then calculated using Equations (3) and (4):

Xc =

(
ΔHm

ΔH100

)( 1
DOC

)
× 100% (3)

Xc
′ =
(

ΔHm

ΔH100

)(
mtot

mtot −m f

)( 1
DOC′

)
× 100% (4)

where Xc is the degree of crystallinity for pure APA-6, and Xc’ is the degree of crystallinity for the
composites; ΔHm is the melting enthalpy of samples, and ΔH100 is the melting enthalpy of fully
crystalline PA6: ΔH100 = 190 J/g [30].

2.3.3. Viscosity-Average Molar Mass

The viscosity-average molar mass was determined by the dilute solution viscometry using the
Ubbelohde viscometer with a 0.6~0.7 mm capillary diameter. Dried samples (150 mg) were dissolved
in an aqueous formic acid (85%, 30 mL) to obtain a transparent solution. In particular, the composites
were dissolved in formic acid to remove the fibers through filtration, and then the APA-6 resin was
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precipitated in deionized water. The viscosity-average molar mass (Mv) was calculated according to
Equation (5).

[η] = K′Mvα (5)

Here, K’ andα is the Mark-Houwink constants which have a specific value for each polymer-solvent
combination. In this particular case, K’ = 0.023 mL/g, α = 0.82 [31].

2.3.4. Density and Void Content

The densities of pure APA-6 and its composites were measured using the water immersion method
as specified in ASTM D-792. The rectangular specimens (40 × 10 × 2 mm) were measured by using a
MH-120 densitometer (MatsuHaku, Taiwan, China). Prior to testing, all specimens were dried at 50 ◦C
in a vacuum oven. The void content of a composite sample was measured according to the ASTM
standard D2734-94, which can be calculated by Equation (6):

Vv = 100−Dc

(
wr

dr
+

w f

d f

)
(6)

where Dc, dr, wr and wf are the measured composite density, resin density, resin weight fraction (%)
and fiber weight fraction (%), respectively. The density of the ramie fiber (df) is 1.5 g·cm−3 [1].

2.3.5. Mechanical Properties

The mechanical properties of composites and pure APA-6 were tested using the AGS-J testing
machine (Shimadzu, Kyoto, Japan). Flexural properties were obtained according to ASTM D-790.
The tensile properties were obtained according to ASTM D-3039. A Dynamic Mechanical Analyze
(TA Q800, New Castle, USA) was used to measure the storage modulus via three-point bending at
a frequency of 1 Hz with an amplitude control of 25 μm. The glass transition temperature (Tg) was
obtained at the same time.

2.3.6. Morphologies

The morphologies of the fracture surfaces were observed by the polarizing microscope (BX-51,
‘PLM’, Olympus, Tokyo, Japan) and scanning electron microscope (JSM-5900LV, ‘SEM’, JEOL, Tokyo,
Japan). For the SEM observation, the samples were fractured in liquid nitrogen, polished and covered
with gold prior to analysis.

2.3.7. Structural Characterizations

The surface chemical groups of the KH550 modified ramie fibers was characterized by the Nicolet
6700 Fourier transform infrared spectrometer (FTIR, Thermo Fisher, Waltham, USA). The content
of the elements for the unmodified and KH550 modified ramie fibers were measured by the X-ray
photoelectron spectroscopy (XPS, XSAM800, Kratos Company, Manchester, UK).

3. Results and Discussion

3.1. The Effects on Structure and Properties of Ramie Fabrics by Different Modification Methods

Different modification methods have a great influence on the structure, surface properties and
mechanical properties of natural fiber fabrics, and these properties of the fabrics will affect the
impregnation process, interface properties and final properties of the composites, respectively.

3.1.1. The Effects on the Structure of Different Modified Ramie Fabrics

Different modification methods can impose a different impact on the macroscopic structure of
the fiber fabric. Different fabric structures have a great effect on the resin flow in the fiber, which in
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turn affect the resin impregnation process. In order to characterize the changes of the morphological
structure, different modified ramie fabrics were examined by the polarizing microscope, as shown in
Figure 2. The fiber bundle width and void area of the above five fibers were counted according to the
polarized photograph, shown in Figure 3.

Figure 2. PLM observations of different modified ramie fabrics.

 

Figure 3. The variation of the fiber bundle width (black square) and the void area of different modified
ramie fabrics (blue square).

NF-0 is a kind of ramie fabric without any treatment. The unmodified ramie fabric bundle is
relatively dense. The uniformity of the ramie fabric is poor and the fiber is plucked. At the same time,
the void area is also extremely uneven, and the deviation is large, which will adversely affect the
fluidity of the resin and the uniformity of the final product. Moreover, the unmodified fiber contains
pectin, hemicellulose, dust adsorbed during storage as well as sizing agents in the weaving process,
which will have a negative effect on the anionic polymerization. Therefore, the ramie fibers must be
modified before being used in the reaction processing.

NF-1 is a pretreated ramie fabric that has a considerable improvement on uniformity of the fiber
fabric structure compared to the unmodified ramie fabric. The fiber bundle width is significantly
increased, which indicates that the compactness of the single bundle fiber reduces after modification.
This will facilitate the resin impregnation to the fiber. NF-KH550 is a ramie fabric modified with a
silane coupling agent, and its structural changes are similar to that of the pretreated fiber.
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NF-alk-alc and NF-alk-iso represent fibers that were regenerated from ethanol and isopropanol
after the alkali treatment, respectively. It is well known that the surface of natural fiber contains a
large amount of hydroxyl groups, which is advantageous for resin impregnation and good interfacial
adhesion to the resin. However, most of the hydroxyl groups are in the form of hydrogen bonds,
and the free hydroxyl groups are limited. In addition, the strength is high due to the natural fiber that
has a high crystallinity and orientation. However, the toughness is poor, and a high crystallinity is also
disadvantageous for the resin impregnation. Therefore, the alkali modification (also known as the
activation modification) aims to destroy the hydrogen bond structure of cellulose thereby forming more
free hydroxyl groups and appropriately reducing the crystallinity and orientation of the cellulose [32].
The mechanism of the alkali modification is that the high concentration of the alkali liquid penetrates
into the network structure of the cellulose to induce swelling, which increases the distance between the
cellulose molecular chains gradually. This leads to a weakening of the hydrogen bonding between
the molecular chains, and even breaking down the hydrogen bonds. The high concentration of the
alkali solution will partially penetrate into the crystalline region of the cellulose, thereby destroying
the ordered structure of the cellulose crystal region and decreasing the degree of crystallinity and
orientation of the fiber. However, the swollen network structure of the fiber is easily aggregated in
the subsequent process of removing alkali and drying, and intramolecular hydrogen bonds will be
reformed again [24,33,34]. Therefore, the way of the regeneration of the fiber and removal of the solvent
is critical to maintain the decrystallizing effect of the cellulose. In this research, ethanol and isopropanol
were used to regenerate the fiber, and different methods had different effects on the alkali-treated
fiber. The essence of alkali modification is to change the existing aggregate structure of the ramie fiber,
by which the effect of the alkali modification can be monitored by characterizing the crystal structure
of modified fiber. Figure 4 shows the X-ray diffraction curves of different modified ramie fabrics. It can
be concluded that the crystal structures of the pretreatment and coupling agent treated ramie fiber
are type I of cellulose, indicating that the coupling agent treatment did not change the crystal type of
cellulose and only a part of the amino groups were grafted onto the surface. The X-ray diffraction
curves of the ramie fiber after the alkali treatment have different degrees of variations. Among them,
the diffraction peak position of the 002 crystal plane of the ramie fiber regenerated by ethanol shifts to
a low angle. It means that a small amount of crystal type I of cellulose is converted to crystal type II,
and the fiber has two crystal structures. Moreover, the positions of the diffraction peaks of the 101
and 002 crystal plane of the ramie fiber regenerated by isopropanol significantly shift, and the crystal
structures of the ramie fiber are all expressed as type II of cellulose. The changes of the crystal structure
of the fiber indicate that the crystallinity and orientation of the fiber significantly decrease.

 

Figure 4. X-ray diffraction (XRD) curve of different modified ramie fabrics.
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In summary, the alkali treatment had a great influence on the structure of the fiber, in which
the fiber bundle width was further increased; the fiber void area was greatly degraded; and the
surface fuzzing phenomenon was more serious. This is because the alkali has a swelling effect on
the fiber. Among them, the isopropyl alcohol regenerated fiber had serious shrinkage, distortion and
uniformity, which might have a negative impact on the preparation of the composites. With the ethanol
regeneration, there was no serious deformation and the structure was relatively uniform.

In addition, the surface of the modified fiber has a different fuzzing phenomenon. On the one hand,
it is beneficial to the interaction between the resin and the fiber surface, and the wettability and adhesion
of the interface will also increase. On the other hand, the surface of the fiber becomes rough and irregular,
which hinders the resin flow in the fiber, thereby affecting the wetting process. Therefore, the optimum
fibers should have a good interfacial action with the resin and be beneficial to impregnate for the resin,
so that the untreated fibers and isopropyl alcohol regenerated fibers after alkali treatment are not suitable.

3.1.2. The Effects on Surface Properties of Different Modified Ramie Fiber

The surface properties of the fiber have been known to affect the impregnation process of the
resin, they also affect the interfacial adhesion of the resin and fiber, and further influence the properties
of the composites. The scanning electronic microscopy (SEM) was used to observe the surface of a
different modified ramie fiber as shown in Figure 5. The untreated fiber (NF-0) had a smooth surface,
but there were obvious flow marks of the sizing agent. Most of the active groups on the surface of the
fiber were covered by the sizing agent, which was not conducive to form a good interface between the
fiber and the resin. The flow marks on the surface of the pretreated ramie fiber (NF-1) were found to be
reduced, which revealed the characteristics of the fiber, and the surface were slightly rough. Compared
with NF-1, NF-KH550 had a small amount of flow marks on the surface due to the surface being coated
with a coupling agent. FTIR and XPS tests were used to confirm that KH550 was grafted onto the
fiber. As the FTIR spectra shown in Figure 6, although the absorption peaks of Si-O and N-H of KH550
are in the same position with the peaks of C-O and O-H of the ramie fiber at around 1000~1100 cm−1

and 3400~3500 cm−1, the strength of the peaks of NF-KH550 is significantly increased during these
two ranges. The C-H stretching vibration and C-H bending vibration for NF-KH550 are also more
obvious at around 2850~2910 cm−1 and 1365~1438 cm−1. The peak at 1630 cm−1 is cellulose-specific
and is not affected by the modifier. It can be used as a benchmark. The changes of the other peaks
intensity explain the influence of modifiers to some extent. Besides, XPS was adopted to measure the
changes of the elements on the surface of the fiber. It can be concluded that the intensity of N and Si
peaks for NF-KH550 both increase compared to NF-1. In conclusion, it can be confirmed that the silane
was grafted onto the fiber. Both the alkali modified fibers for NF-alk-alc and NF-alk-iso had rougher
surfaces, which would be more conducive to resin-fiber bonding.

Figure 5. SEM imaging of different modified ramie fabrics.
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Figure 6. FTIR (a) and XPS (b) spectra of different modified ramie fabrics.

3.1.3. The Effects on the Mechanical Properties of Different Modified Ramie Fabrics

The above studies have showed that the different modification methods have different effects on
the morphological structure, surface properties and aggregation structure of ramie fabrics, which will
inevitably affect the mechanical properties of fabrics and eventually affect the properties of composites.
Figure 7 showed the strength values of different modified ramie fabrics, as well as the fabrics strength
and elongation curves during stretching. The strength of the pretreated fabrics and silane coupling
agent modified fabrics were both higher than that of the untreated sample, because the relative content
of cellulose in the modified ramie fabrics was slightly increased after pretreatment. The strength of the
two fabrics after the alkali treatments decreased significantly, but also accompanied by a significant
increase in elongation at break. This is because the crystallinity and orientation of the fiber after the
alkali modification decrease. Therefore, the alkali treated fabrics have an adverse effect on the strength
of the composites and are advantageous for the toughness and interfacial adhesion of the composites.
In conclusion, the different modified ramie fabrics can be used to prepare composites with different
properties to meet the different environmental requirements.

 

Figure 7. The mechanical properties of different modified ramie fabrics.

3.2. The Properties of APA-6 Composites Reinforced by Different Modified Ramie Fabrics

3.2.1. Physical Properties

The five modified ramie fabrics mentioned above were used as the reinforcing materials and
these composites were prepared by the VARIM process accordingly. It was found that not all modified
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ramie fabrics were suitable as reinforcing materials in this study. First, the untreated ramie fabrics
impeded the anionic polymerization, because the surface of the untreated fiber contained some sizing
agents, hemicellulose, lignin, pectin and other impurities, which hindered the occurrence of anionic
polymerization. Second, the fabrics regenerated by isopropanol after the alkali modification could
not be prepared to obtain composites with uniform wetting and perfect polymerization. The reason
was that the alkali treatment seriously changed the morphological structure of the fabric, and the
uniformity was deteriorated. The fiber bundle was even severely distorted thereby hindering the
impregnation process of the resin.

The composites prepared by NF-1, NF-KH550 and NF-alk-alc all showed a well uniformity.
In order to further characterize the polymerization properties of these composites, the conversion,
crystallinity and viscosity-average molecular weight were analyzed as shown in Figures 8 and 9. First,
the degree of conversion of these three composites showed a different degree of decline compared to the
pure APA-6. It meant that the addition of natural fibers had a certain effect on anionic polymerization.
Moreover, the effect of the alkali-modified fiber on the anionic polymerization conversion was more
obvious. Since the alkali-modified fiber carried more reactive groups, the consumption of the initiator in
the polymerization system was increased. On the other hand, the reaction probability of the surface of
the fiber with the activator was increased. Therefore, the active center of the polymerization system was
also consumed to some extent. The degrees of crystallinity of these three composites were significantly
higher than that of the pure APA-6, which is due to the fact that the natural fiber easily induced polymer
crystallization. The viscosity-average molecular weights of composites were not much different from
that of the pure APA-6, and were much higher than that of nylon 6. However, there were slight
differences among these different composites, which related to the reaction between the hydroxyl
groups on the surface of the fiber and the activator in the polymerization system. Besides, the degree
of conversion and viscosity-average molecular weight of the untreated ramie fabrics reinforced APA-6
composites were also measured, only 18% and 3600 respectively, which demonstrated the inhibition to
the anionic polymerization by the unmodified fibers (NF-0). In this system, only a small amount of
oligomer was produced, and the polymerization was not reached.

 
Figure 8. The degree of conversion (gray columnar) and crystallinity of different modified ramie fabrics
reinforced APA-6 composites (blue columnar).
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Figure 9. Viscosity-average molecular weight of different modified ramie fabrics reinforced
APA-6 composites.

Figure 10 showed the fiber content and void content of these three composites. These composites
were prepared by the same process, so that the fiber content was the same. The void content of these
composites was lower, and the NF-alk-alc composites were the best. The difference in void content
indicated that the resin had different wetting effects on different modified fibers, and the alkali-modified
ramie fabric had better wettability.

 

Figure 10. The fiber content and the void content of different modified ramie fabrics reinforced
APA-6 composites.

3.2.2. Mechanical Properties

Figure 11 showed the flexural modulus, tensile strength and elongation at the break of APA-6 and
different composites. The flexural modulus of NF-1 and NF-KH550 composites were better than that
of the other samples. The tensile strength and elongation at the break of the NF-KH550 composites
were larger than that of NF-1 composites, which indicated that the coupling agent modified ramie fiber
fabric increased the strength and plastically deform under tension of the composites. The reason may
be that the interfacial interaction between the fiber and the matrix becomes better after coating a layer
of coupling agent. However, the NF-alk-alc had a great decrease in the mechanical properties, so that
the flexural modulus and tensile strength of the composites were much lower than that of other two
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composites. In addition, the elongation at the break of NF-alk-alc composites was found significantly
increased, which indicated that the plastically deform under tension of the NF-alk-alc composites was
improved. Their trends are closely related to the changes in the mechanical properties of different
modified ramie fabrics. The reasons have been stated in 3.1.3 in this paper.

 
Figure 11. The mechanical properties of different modified ramie fabrics reinforced APA-6 composites.

The storage modulus is an important parameter to characterize the resistance to thermal mechanical
deformation of the materials. The larger the modulus, the less deformed. Figure 12 showed the results
of dynamic mechanical properties of different materials. The NF-1 and NF-KH550 composites had
the same variations under the low temperature, but the storage modulus of the NF-1 composites was
larger than that of the NF-KH550 composites under the high temperature. Under the high temperature,
the chain segments began to move, and the NF-1 composites had a slightly larger molecular weight.
NF-alk-alc composites had a lower modulus over the entire temperature range than the other two
composites. The reason was that the degree of crystallization and orientation of the fiber decreased
during the alkali treatment. In the loss factor curve, the peak at 75 ◦C represents the α transition of
nylon 6, which meant that the values of glass transition the temperature of the composites. It relates to
the molecular weight and crystallinity of the materials. The peak at around −60 ◦C indicates the β

relaxation of nylon. This transition peak is related to the moisture and motion units of small-sized
chain unit.

Figure 12. The dynamic modulus (a) and Tan δ (b) for different modified ramie fabrics reinforced
APA-6 composites.
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The interfacial properties for the ramie fiber reinforced APA-6 composites is better than the glass
fiber reinforced APA-6 composites measured by SEM [35]. In this study, the fractured surfaces of the
three composites were also characterized by SEM. All composites showed good fiber-to-matrix bonding
expectedly, but there was no obvious difference. So the SEM images were not given in this article,
instead of the interlaminar shear strength test. The interlaminar shear strength refers to the maximum
load that the composites can bear per unit area parallel to the bonding surface. It mainly reflects the
bonding properties of the composites under the applied load, which is very important for the safety
and stability of the materials during applications. The interlaminar shear strength (ILSS) of these three
composites prepared by the pretreated fiber, the coupling agent modified fiber and the alkali-modified
fiber was found sequentially increased as shown in Figure 13. The NF-alk-alc composites had the
worst mechanical properties but had the highest interlaminar shear strength. It indicated that the
hydrogen bond on the surface of the cellulose was opened after the alkali treatment, and the content of
free hydroxyl groups increased. Thus, it was very helpful to improve the interface interaction between
the fiber and the matrix. The interlaminar shear strength of NF-KH550 composites was higher than
that of NF-1 composites, which indicated that the interfacial interaction between the fiber and the
matrix became better after coating a layer of coupling agent.

 
Figure 13. Interlaminar shear strength of different modified ramie fabrics reinforced APA-6 composites.

4. Conclusions

First, it was included that different modification methods had different effects on the structure of
ramie fabrics. The uniformity of the structure was improved for the pretreatment and the coupling
agent modified fabrics. The structure of the alkali-modified fabrics was greatly changed and the fabrics
regenerated by ethanol tended to be uniform. The uniformity of the fabrics regenerated by isopropanol
was found seriously degraded. Then, different modification methods also had different effects on the
surface roughness of ramie fabrics. The strengths of the ramie fabrics modified by the pretreatment
and silane coupling agent were improved compared with that of the untreated fabrics. The strength of
the fabrics after the alkali treatments were severely reduced, but the elongation at break was greatly
increased. The performance analysis of different modified ramie fabrics reinforced APA-6 composites
was carried out, and the conversion, crystallinity and molecular weight of these three composites were
found to be at a high level, which indicated that the polymerization of these three composites was well
controlled. The coupling agent modified ramie fabrics composites and the pretreated ramie fabrics
composites both had higher flexural modulus, tensile strength and dynamic mechanical properties
than that of the alkali-modified ramie fiber composites. Alkali-modified composites had slightly lower
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mechanical properties, which however had the highest interlaminar shear strength and outperformed
interface properties of the composites.
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